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Preface 


It has long been appreciated that the under- 
graduate course in medicine cannot do more 
than lay the basis for further training, and that 
the newly-qualified doctor must undergo a fur- 
ther period of general training, followed by the 
appropriate specialist or vocational training, 
before commencing independent practice. 
There are, however, wide differences of opinion 
on what the undergraduate student should be 
expected to know, and this is nowhere better 
illustrated than by the variations in the time al- 
located to pathology in the curricula of medical 
schools. Clearly the authors of textbooks of 
pathology are faced with a problem, both in the 
selection of topics to be included and in the 
depth of treatment of each topic. The purpose 
of this book is to provide a text suitable for both 
undergraduate students and for doctors train- 
ing or practising in various specialties, includ- 
ing junior trainees in pathology. It contains 
more than will be assimilated by most under- 
graduate students during their formal course in 
pathology, and students using it should receive 
guidance from their teachers on which topics 
deserve their closest attention. I hope it will 
continue to be of use throughout the clinically- 
oriented part of the curriculum and during sub- 
sequent training. 

A brief introductory chapter defines patho- 
logy. explains its central position in medical 
education, and describes its importance in 
patient care and in the advancement of medical 
knowledge. The remainder of the book is di- 
vided into two main sections ‘general’ and 
'systematic' pathology . 

The twelve chapters on ‘general’ pathology 
describe pathological processes of fundamental 
importance mechanisms and effects of cell in- 
jury. the inflammatory response to injury, heal- 
ing and repair, the physiology of the immune 
response and its beneficial and harmful con- 
sequences, infection and host parasite relation- 
ships. local and general disturbances of blood 
How, and the causation, types and behaviour of 
tumours. It is in some of these basic processes 
that advance has been most rapid, and indeed 
this has necessitated production of this edition 



the cellular basis of immune responses and of 
the causation of tumours have been very largely 
rewritten and most of the other chapters have 
been changed considerably. These basic pro- 
cesses are applicable to a wide range of species 
and although they are, where possible, illus- 
trated by human material, much ol the text is 
based on the results of experimental work. The 
size of the general chapters has been determined 
not just by the clinical importance of the phy- 
siological and pathological processes they de- 
scribe, but also by the amount of firm infor- 
mation that can usefully be imparted to stu- 
dents and trainee doctors. For example, the 
mediators of the inflammatory reaction and the 
basis of neoplasia are both subjects of consider- 
able practical importance, but knowledge on 
them is still very limited and larger accounts 
would, I believe, be more likely to confuse than 
help the student. By contrast, the immunity sys- 
tem and its abnormalities are still relatively un- 
important as the basis of primary illness in 
man, and yet they merit detailed consideration 
because they continue to be the subject of rapid 
scientific advance. In spite of our efforts at brev- 
ity. it has not been possible to avoid some in- 
crease in the length of the general section, 
which I hope will be of use to medical students 
and to biological scientists in general. 

The ‘systematic’ section consists of fourteen 
chapters, each devoted to the more important 
diseases of man which affect a particular organ 
or system the heart, lungs, blood and hue- 
mopoietic tissues, alimentary system, etc. 
Emphasis has been placed on the aetiology of 
those diseases, and their structural changes and 
effects on function, together with brief clinico- 
pathologieal correlations, Every effort has 
been made to update these chapters. A section 
has been added on dental and related oral 
pathology, while the disorders of the male and 
female reproductive systems have been rewritten 
as separate chapters with a brief account of 
sexually-transmitted diseases placed approp- 
riately between them. Multi-authorship has 
been of particular value in the systematic chap- 
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Introduction 


What is pathology? 

Pathology is the study of disease by scientific 
methods. Disease may, in turn, be defined as an 
abnormal variation in the structure or function 
of any part of the body. There must be an ex- 
planation of such variations from the normal 
in other words, diseases have causes, and path- 
ology includes not only observation of the 
structural and functional changes throughout 
the course of a disease, but also elucidation of 
the factors which cause it. It is only by estab- 
lishing the cause (. aetiology ) of a disease that 
logical methods can be devised for its preven- 
tion or cure. Pathology may thus be described as 
the scientific study of the causes and effects of 
disease. 

Methods used in pathology 

These include (a) histology and cytology, in 
which the structural changes in diseased tissues 
are examined by naked-eye inspection, or by 
light and electron microscopy of tissue sections 
or smears; (h) biochemistry, in which the meta- 
bolic disturbances of disease are investigated by 
assay of various normal and abnormal com- 
pounds in the blood, urine, etc.; {<■) micro- 
biology, in which body fluids, mucosal surfaces, 
excised tissues, etc., are examined by micros- 
copical, cultural and serological techniques to 
detect and identify the micro-organisms re- 
sponsible for many diseases. 

These methods may be applied to the study 
of individuals suffering from a disease, and to 
animals in which a model of the disease occurs 
naturally or has been induced experimentally. 
The development of special techniques to in- 
vestigate some types of disease has led to fur- 
ther specialisation in pathology. For example, 
the diagnosis of disorders of the blood involves 
various quantitative tests on, and morphologi- 


cal examination of, the cells of the blood and 
haemopoietic tissue, assay of the factors in- 
volved in clotting, investigation of the metab- 
olism of iron, vitamin B I2 , etc., the detection of 
abnormal antibodies to cells of the blood and 
blood group serology. The many techniques 
involved have required the establishment of 
haematology laboratories: application of tech- 
niques to determine chromosome anomalies 
has led to the establishment of cytogenetics lab- 
oratories, and microbiology has divided into 
bacteriology and virology. Finally, immunology, 
a subject of enormous interest in biology and 
of increasing clinical significance, now requires 
special laboratory facilities. It will be apparent 
that pathology covers a wide spectrum of tech- 
niques. both in the diagnosis of patients and hr 
research into the causes of .various diseases. 
The relative importance of the several branches 
of pathology varies for different types of dis- 
ease. In some instances, for example in diabetes 
mcllitus, biochemical investigations provide the 
best means of diagnosis and are of the greatest 
value in the control of therapy. By contrast, 
recognition of the nature of many diseases, for 
example tumours, and so the choice of the most 
appropriate therapy, depend very largely on 
examination of the gross and microscopic fea- 
tures. For most diseases, diagnosis is based on 
a combination of pathological investigations. 
To give an example, biochemical tests may 
indicate that a patient is suffering from impair- 
ment of renal function, but the nature of the 
renal disease responsible for this commonly 
requires removal of a piece of renal tissue for 
histological examination (renal biopsy). An- 
other example is provided by the condition of 
anaemia, which may have many causes. The 
changes in the cells of the blood and the bone 
marrow may suggest deficiency of a factor es- 
sential for crythropoiesis, and biochemical and 
physiological tests are then indicated to con* 

I 



2 Introduction 


firm the deficiency, e.g. of vitamin B, ; or folic 
acid. Alternatively, anaemia may result from 
blood loss and this may be due to a structural 
lesion of the gastrointestinal tract or of the 
endometrium, diagnosis of which nun require 
histological examination. 

The hospital pathologist is becoming much 
more clinically orientated. He must co-operate 
closely with clinicians, not only in diagnosis, 
but also by applying his skills to assessment of 
the effects of treatment, e.g. by examination of 
multiple biopsies of cancers and other lesions, 
removed serially during the course of treat- 
ment. He must also monitor patients for un- 
wanted effects of treatment, e.g. the harmful 
effects of some drugs on the cells id' the liter, 
kidney or haemopoietic tissue. 

Finally, it is important to emphasise the con - 
tinuing value of the clinical necropsy, in the 
past, when diagnostic procedures were rela- 
tively limited and primitive, a high proportion 
of diagnoses were made in the post-mortem 
room. In many cases, the more sophisticated 
diagnostic procedures now available have 
not diminished the value of necropsy, even in 
hospitals providing a very high standard of 
patient care (Cameron, 1978). The important 
role of post-mortem examination in elucidating 
the natural history of disease processes is well 
illustrated by the extensive studies of Willis 
(1973) on the spread of tumours within the 
body. This role of the necropsy is still import- 
ant, for it is revealing the changes in the 
patterns of many diseases, and also new and 
unwanted effects, resulting from use of the 
ever-increasing number and variety of powerful 
drugs and therapeutic procedures available to 
the clinician. 

Why learn pathology? 

Most medical students are not going to become 
pathologists. It is nevertheless essential that the 
medical school curriculum should include a 
course of pathology which provides a clear 
account of the causes, where these are known, 
and of the pathological changes, of the more 
important diseases. Most disease processes 
bring about structural changes and these 
usually provide a logical explanation for the 
^^>t^sand sig ns and comm only also for the 

processes. Of disease thus aids the 


doctor m the correct mieipie-.uion ot the clun- 
eal features of the pattern's illness I his applies 
not only to the clinical iliagiio-ncian but aKo 
to the surgeon who must tecognise the nature 
of the structural changes exposed at operation 
and act accordingly, .uni to the radiologist who 
must be familiar with the structural changes of 
diseases m order to inter ptet the shadows they 
cast on an vrav film In the research worker, 
histopalholugy and election muiosvopy arc 
superb techniques, both ..an be adapted to en- 
zymic and other chemical investigations (histo- 
chemistry I, including miimmohistolognai tech- 
niques which make use ot the evqui-u'c specificity 
of antigen anttbodv reactions m detect tissue 
and cell constituents and abnoimal substances 
(see l tg .V? ,'tt, p s.'n and, 1 re > 1 p i<niX| 
Accordingly, pathology is ot ventral import- 
ance to the medical student, tegaidless of the 
branch of medicine he intends to pursue 

How tit learn pathology 

Pathology is no exception to the general lule 
that learning is dependent mainly on the mo- 
dem's own effort Most medical schools provide 
lectures and or small group tutorials, demon- 
strations and practical «, lasses in pathology, but 
self-educatum hv reading, preferably supple- 
mented by audio visual aids, is essential The 
student should also take full advantage of op- 
portunities to compare the clinical features of 
patients’ illnesses with the undcrhmg path- 
ology. Climco-paihological conferences on 
selected cases, held for teaching purposes, are 
helpful but one ot the best places to sec path- 
ology ami to compare the clinical features 
of disease with the pathological changes is 
the pnm-mortcm room A well -conducted 
necropsy, presented jointly by a clinician who 
eared for the patient and the pathologist per- 
forming the necropsy, is still unsurpassed as a 
teaching method. Students should also gain 
experience by following the progress of the 
patients they examine, noting the results of lab- 
oratory investigations and where possible ex- 
amining the lesions removed surgically or re- 
vealed al necropsy 

Pathology in the medical curriculum 

There is a logical sequence in the pattern of 
teaching of moat medical schools. After courses 



in the basic sciences- --chemistry, physics, 
biology often provided before starting at 
medical school, the student is introduced to 
normal human structure (anatomy and his- 
tology) and function (physiology and biochem- 
istry), followed by courses in pathology (the 
causes, features and effects of diseases) and 
pharmacology, and finally concentrates on the 
clinical subjects, i'.e. the diagnosis and treat- 
ment of patients. Classically, the subjects are 
dealt with on a broad front. For example, the 
courses in anatomy, etc. deal with the whole of 
the body. In many medical schools, this policy 
has been replaced by what is variously termed 
‘integrated*, ‘topic* or ‘systems’ teaching, in 
which each of the body’s major systems (car- 
diovascular, alimentary, respiratory, etc.) is the 
subject of a teaching course provided by a multi- 
disciplinary team. Thus the course 4 on, say, the 
alimentary system will include its anatomy, 
physiology, biochemistry, pathology, pharma- 


Pathological processes 

It was first pointed out by Virchow that all dis- 
turbances of function and structure in disease 
arc due to cellular abnormalities and that the 
phenomena of a particular disease are brought 
about by a series of cellular changes. Pathologi- 
cal processes are of a dual nature, consisting 
firstly of the changes of the injury induced by 
the causal agent, and secondly of reactive chan- 
ges which are often closely similar to physio- 
logical processes. If death is rapid, as for ex- 
ample in cyanide poisoning, there may be little 
or no structural changes of either type. Cyanide 
inhibits the cytochrome-oxidase systems of the 
cells and thus halts cellular respiration before 
histological changes can become prominent. 
Similarly, blockage of a coronary artery cuts 
off the blood supply to part of the myocardmTn 
and death may result immediately from cardiac 
arrest or ventricular fibrillation. When this 
happens, no structural changes are observed in 
the myocardium. If, however, the patient sur- 
vives for some hours or more, the affected 
myocardium shows changes which occur subse- 
quent to ceil death and the lesion becomes 
readily visible both macroscopicaliy (Fig. IS.9, 
p. 404) and microscopically (Fig. 2.5, p. II). 
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oology and clinical aspects. Each method has 
its advantages, but it has become abundantly 
clear that the second method requires consider- 
able organisation, and good co-operation be- 
tween departments in the preparation and de- 
livery of the course on each system. At present, 
there is a tendency to revert to the classical type 
of curriculum, or to compromise between the 
two. 

One of the great advantages of a course in 
pathology, spanning the gap between the pre- 
clinical and clinical subjects, is that it provides 
the student, in the early part of his hospital 
experience, with a basic knowledge of the dis- 
eases he is likely to encounter most often in the 
wards and clinics. By contrast, the integrated 
course must" either be brief and intensive or 
must extend over much of the curriculum, with 
the result that some systems come very late, 
leaving little time for their personal clinical 
study by the student. 


Reactive changes may be exemplified by en- 
largement of the myocardium in the patient 
with high blood pressure (Fig. 4.31, p. 100). In 
this condition, there is an increase in the resist- 
ance to blood flow through the arterioles and 
consequently the normal rate of circulation can 
be maintained only by a rise in blood pressure. 
Reflex stimulation of the heart results in more 
forcible contractions of the left ventricle, and in 
accordance with the general principle that in- 
creased functional demand stimulates enlarge- 
ment (hypertrophy) and/or proliferation (hyper- 
plasia) of the cells concerned, the myocardial 
cells of the left ventricle increase in size. Al- 
though part of a disease state, the reactive hyper- 
trophy of the myocardium in hypertension is 
closely similar to the physiological hypertrophy 
of the skeletal muscles in the trained athlete. To 
give another example, the invasion of the body 
by micro-organisms, in addition to causing 
iiyury, stimulates reactive changes in the lym- 
phoid tissues, with the development of immu- 
nity. The distinction between the changes due 
to injury and those due to reaction are not 
usually so well defined as in the above ex- 
amples. In many instances where cel! injury 
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persists without killing the cells, the cytologic;)! 
changes are complex anil those due to injury 
often cannot he distinguished from those due 
to reaction. Some examples of the \arious typos 
of cell injury and reaction are provided m 
Chapter 2. 

In order to facilitate the understanding of 
pathological processes, it is helpful to group 
together those which have common causal fac- 
tors and as a consequence exhibit similarities in 
their structural changes, for example, bacterial 
infections have certain features m common, 
and may with advantage be further sub-divided 
into acute and chronic infections, The features 
and behaviour of neoplasms (tumours) are suf- 
ficiently similar to classify most tumours into 
two categories, benign and malignant, and to 
provide a general account of each group, l hc 
changes resulting from a deficient blood supply 
are similar for all tissues. Accordingly, the next 
twelve chapters of this book are of a general 
nature and deal with the commoner pathological 
processes. The remaining chapters are system- 
atic and go on to describe the special features 
of disease processes as they affect the various 
organs and systems, 

The causes of disease 

Causal factors in disease may be genetic or 
acquired. Genetically-determined disease is due 
to some abnormality of base sequence in the 
DNA of the fertilised ovum and the cells de- 
rived from it, or to reduplication, loss or mis- 
placement of a whole or part of a chromosome. 
Such abnormalities arc often inherited from 
one or both parents. Acquired disease is due to 
effects of some environmental factor, e.g. mal- 
nutrition or micro-organisms. Most diseases 
are acquired, but very often there is more than 
one causal factor and there may be many. 
Genetic variations may influence the suscepti- 
bility of an individual to environmental factors. 
Even in the case of infections, there is consider- 
able individual variation in the severity of the 
disease. Of the many individuals who become 
infected with poliovirus, most develop immu- 
nity without becoming ill; some have a mild 
illness and a few become paralysed from in- 
; : volvesnent of the central nervous system {Fig. 
2l.44, p. 759). This illustrates the importance 
.;'##£ fretow as welt as causal agents, Spread 
nf tubenttdosis is flavoured by', poor personal 


and domestic hygiene, bv .w.-ui.'wunh' uui 
nutrition and by various oih.*i div.i-v- 
dingly, disease results not oniv Mom cvposun- 
to the major causal agent but u!m< Modi ;ho 

istence of predisposing oi contributor) factors 
Congenital disease. Diseases mav also tv 
classified into those which develop dining total 
life (congenital) and those which .wise at am 
time thereafter during post natal lite ( icueti 
calls -determined diseases me tonimoniv , on 
genital, although some ptesent many seats 
after birth, a good example home adenomatosis 
ipolyposisi coli. which is tine to a dominant 
abiionu.il gene (see belt tut and . omast-. of mul 
tiple tuimuus of the colonu miuosa, appealing 
in adoleweiice oi adult hlv* il tg !** ’*), pti\D 
Congenital diseases mav also be .tequued, all 
important example Ivmg pi » waled by stalls 
mission of the vims ot rubella ttierrmin 
measles) ftom mother to fetus during the tust 
trimester of pregnancy Depending on the 
stage of fetal development at which into, turn 
occurs, it mav icsuil tit letal death, oj i«. 
volvetneut ot v.utous tissues leading to mental 
deficiency, blindness, deafness or structural 
abnormalities of the heart The mother may 
also transmit to the fetus various other lutec- 
iums, including syphilis and toxoplasmosis, 
with consequent congenital disease Ingestion 
of various chemicals by the mot he t, as in the 
thalidomide disaster, may induce severe sirs 
orders of fetal development and growth An- 
other cause of acquired congenita! disease is 
maternal fetal incompatibility. Fetal red cells 
exhibiting surface antigens inherited from the 
father may enter the maternal circulation and 
stimulate antibody production: the maternal 
antibody may pass through the placenta and 
react with the fetal red cells, causing a 
haemolytic anaemia. 

Genetically-determined disease 

As already mentioned, this results from abnor- 
malities in the DNA which forms the genome, 
in some instances the abnormality consists of 
gain or loss of a whole chromosome or of part 
of a chromosome. Such gross abnormalities 
can now be detected by cell culture techniques. 
Most of them probably arise by non-disjunc- 
tion of chromosomes in the mciosis which 
precedes germ -cell formation, and only a few 
appear to be compatible with life, e.g. an addi- 
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tional chi.iimtsonK- .1. which is the usual cause 
of Down's syndrome (mongolism). 

>\ very huge number ot diseases result from 
the mlieittanee of an abnormal (mutant) gene, 
or combination of genes, from one or both par- 
ents. Ihe development of abnormal genes 
(mutation) can be provoked b> irradiation, 
mutagenic chemicals and probably by viruses, 
but m most instances the cause of mutations in 
man remains unknown f samples of the main 
ei unit turns resulting from an abnormal gene are 
colour blindness, albumin, haemophilia, sickle- 
cell anaemia, dWiophia mvotomea ami poly- 
posis euh Ihe abnormal gene may In.* domin- 
ant. t e mav induce an abnormality in spite of 
the presence of a noimul sortespondmg gene 
from the other parent, oi it mav be recessive, i.e, 
causing disease onh m the absence of a com* 
spundmg normal gene Ihe latter circumstance 
arises most usually m abnormalities of genes on 
the X chromosome, males hang thus affected 
d ig P Mi, p s>''i, or bom the presence of 
two abnormal corresponding genes, one from 
each parent, the likelihood of which is en- 
hanced by inbreeding 

In addition to thou* diseases due to muta- 
tions or recognisable chromosomal anomalies, 
there are many which show a familial tendency, 
but m which the mode of inheritance has not 
been elucidated I- samples include diabetes 
mellitus, chronic thyroiditis <sce (6) Wow i and 
some of the commoner cancers, e g of the 
breast and of the bronchus It is likely that 
both genetic and environmental factors are of 
causal importance in these conditions. 

Acquired disease 

The major causal factors may be classihed as 
follows: 

(!) Deficiency discuses. Inadequate diet still 
accounts for poor health in many parts of the 
world. It may take the form of deficiency either 
of major classes of food, usually high-grade 
protein, or of vitamins or elements essential fur 
specific metabolic processes, e g iron for haemo- 
globin production Often the deficiencies are 
multiple and complex. Disturbances of nutri- 
tion are by no means restricted to deficiencies, 
for in the more affluent countries obesity, due 
to overeating, has become increasingly 
common, with its attendant dangers of high 
blood pressure and heart disease, 


(2) Physical agents. These include mechanical 
injury, heat, cold, electricity, irradiation and 
rapid changes in environmental pressure. In all 
instances, injury is caused by a high rate of 
transmission of particular forms of energy 
(kinetic, radiant, etc.) to or from the body, 
Important examples in this country are mech- 
anical injury, particularly in road accidents, 
and burns. Exposure to ionising radiations 
cannot be regarded as entirely safe in any 
dosage. While radiation is used with benefit in 
various diagnostic and therapeutic procedures, 
any pollution of the environment with radio- 
active material is potentially harmful to those 
exposed to it and probably to subsequent gen- 
erations, 

(3) Chemicals. With the use of an ever in- 
creasmg number of chemical agents as drugs, in 
industrial provev.es, and in the home, chem- 
ically -induced injury has become very common. 
Ihe effects vary. At one extreme are those 
substances which have a general effect on cells, 
such as cyanide (see above! which causes death 
almost instantaneously, with little or no struc- 
tural changes. Many other chemicals, such as 
strong acids and alkalis, cause local injury 
accompanied by an inflammatory reaction in 
the tissues exposed to them. A third targe 
group of substances produces a more or less 
selective injury to a particular organ or cell 
type Because of their important and complex 
metabolic activities, hepatocytes arc injured by 
many chemical substances, including par- 
acetamol ami alcohol in high dosage, Many 
toxic chemicals or their metabolites are excre- 
ted by the kidneys, and because of their con- 
centrating function the renal tubular epithelial 
cells are exposed to high levels of such sub- 
stances Accordingly toxic hepatic and renal 
tubular cell death arc common. Fortunately 
both types of cell have a high regenerative 
capacity Specific effects of chemicals are illu- 
strated also by injury of neurones by over- 
dosage of barbiturates and lung injury by 
paraquat ll-ig. 16,37, p. 4K6). 

(4) P*r*Mtk rakro-orgaiifems. These include 
bacteria, protozoa, lower fungi and viruses. In 
spite of the advances in immunisation pro- 
cedures and the extensive use now made of anti- 
biotics, many important diseases still result from 
infection by micro-organisms, and the danger 
of widespread epidemics, c.g, of influenza and 
cholera, has been enhanced by air travel, The 
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disease-producing capacity of micro-organisms 
depends on their ability to ttnade and multiply 
within the host, and on the possibility of their 
transmission to other hosts. The features of the 
disease produced by infection depend on the 
specific properties of the causal organism. Bac- 
teria bring about harmful effects mainly by the 
production of chemical compounds termed 
toxins, and the biological effects of these, to 
gether with the response of the host, determine 
the features of the disease. Viruses colonise host 
cells, and have a direct evtopathic effect: fea- 
tures of virus disease depend largely on which 
cells are colonised, the rate of viral replication, 
the nature of the evtopathic effect, and the 
response of the host. Of the protozoa, the 
malaria parasite is of enormous importance as 
a cause of chronic ill health in whole popula- 
tions, 

(5) Metazoan parasites are also an important 
cause of disease in many parts of the world 
Hookworm infestation of the intestine and 
schistosomiasis are causes of ill health preva- 
lent in many tropica! countries. 

(6) Immunological factors. The development 
of immunity is essential for protection against 
microbes and parasites. Harmful effects, both 
local and more widespread, can, however, 
result from the reaction of antibodies and lym- 
phocytes with parasites, microbes and their 
toxic products. Also, the immunity system does 
not distinguish between harmful and harmless 
foreign antigenic materials, and injury may 
result from immune reactions to either. Such 
hypersensitivity reactions arc numerous and 
complex. Local examples include hay fever, 
asthma and some forms of dermatitis, while 
hypersensitivity to many foreign materials, in- 
cluding penicillin and other drugs, sometimes 
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causes fatal generalised reactions Hypei sensi- 
tivity reactions may also tesulf tiom the dew- 
lopment of auto-inununity m whteh antibodies 
and lymphoeytes develop whteh teas; with and 
injure normal cells ami tissues examples in 
elude chronic thytoulitis, commonly progiess 
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tion appear to be causal factors, although their 
modes of action are obscure. 
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Cell Damage 


Ml meJ.tMk' .k Duties of the body .ire carried 
mil anil lopul.ilai In the cells of the tissues, 
ami since the time <*t Yiuhow cell miury has 
been recognised as the central problem in path' 
ulogv It is clearly impmlaM in kn*m what lac- 
tins cause cel! damage ami lorn these leail to 
the cellular disorders which result m the states 
we recognise as diseases < >ui Know ledge of this 
large ami important suhtect has ken slow to 
develop due to the extremely complex inter • 
relationship ot biological activities wuhm the 
cell Reccntls. however, there have been rapid 
advances, parth due to greatly improved tech- 
tuques id biochemical analysts, fractionation of 
sutvellulai organelles and microscopy, and 
partly to the use of homogeneous experimental 
systems such as cultures of clones of genetically 
identical sells (bacterial or mammalian). 
Equally important has been the strategic use id 
cellular disorders m which the initial damage 
aflects only one molecular constituent of the 
cell, thereby providing information about the 
normal ami abnormal function of that con- 
stituent ami its relationship to other activities 
of the cell f or this reason the most instructive 
forms of cellular damage are those due to 
abnormality of a single gene or to the effects of 
a selective poison 

Single gene defects. In at least one disease, 
sickle •cell anaemia, we probably know the entire 
sequence of events leading to cellular destruc- 
tion. The sickle-cell abnormality is an inherited 
defect characterised clinically by rapid destruc- 
tion of red Wood cells Apparently an error has 
occurred in copying one bane in the sequence of 
146 base triplet* in the DNA constituting the 
gene for the beta polypeptide chain of haemo- 
globin. This error, transcribed through messen- 
ger RNA, results in the insertion of the amino 
acid valine instead of glutamic acid in position 
6 from the N terminal end of the beta poly- 
peptide chain and the shape of that end of the 


chain is altered. This abnormality does not 
matter when haemoglobin is oxygenated, but as 
the haemoglobin molecule gives up oxygen it 
expands and the abnormal parts of the two 
beta chains come to project from the surface of 
the molecule and unite with alpha chains of 
adjacent molecules. Masses of long helical 
fibres of polymerised deoxygenated haemo- 
globin form and these impart to the red cells 
abnormal rigidity and a characteristic sickle 
shape which make them unduly prone to mech- 
anical injury and subsequent phagocytosis 
within the spleen. It should be noted that, com- 
pared with most cells, red cells have a very 
simple structure and are easily obtained for 
study Also, haemoglobin is one of the few pro- 
teins whose molecular configuration and 
ammo acid sequences are known in detail, so 
that the substitution of a single amino acid is 
detectable and indicates, in turn, a single error 
in the DNA base sequence, 

Many other defects of single genes result in 
clearly defined primary lesions. There may be 
absence of a particular en/yme with predictable 
effects such as accumulation of substrate and 
deficiency of the product of the missing 
en/yme, but these effects often lead to secon- 
dary, more complex abnormalities which may 
result also from various other primary defects. 
Genetic disorders are further considered on p. 
14. 

Experimental poisoning. Many genetic defects 
are incompatible with cell survival and so 
cannot readily be investigated. Accordingly, 
toxic chemicals have been widely used to in- 
vestigate more severe forms of cell injury, for 
example the impairment of oxidative phos- 
phorylation by fluoroacctate or cyanide (p, 
9). Much information has been obtained by 
use of drugs known to have a specific effect on 
particular cellular functions: examples include 
actinomycin D which inhibits transcription of 

7 



8 Cell damage 


DNA to mRNA. and colchicine which inter- 
feres with microtubular function. Various bac- 
terial and other biological toxins have specific 
effects, for example cholera toxin disturbs the 
sodium pump and x-bungarotoxin from snake 
venom blocks acetylcholine receptors. It is pos- 
sible, however, that such substances luxe addi- 
tional effects on other cellular mechanisms. The 
action of some other poisons is indirect and less 
specific. Thus the classical experimental poison 
carbon tetrachloride is toxic to liver cells be- 
cause it is metabolised by the microsomal 
enzyme P450 to produce free C *C T C and ('1 
radicals which lead to peroxidation of mRNA 
and of unsaturated fatty acids in cell mem- 
branes, and also to secondary disturbances of 
protein, fat and carbohydrate metabolism: elec- 
tron microscopy shows damage to rough endo- 
plasmic reticulum and later to other cellular 
organelles. Several other poisons cause sim- 
ilar effects on liver cells and, as in genetic 
abnormalities, it is evident that various dif- 
ferent injuries cause trains of common 
secondary events, some of which lead to cell 
death. 


Necrosis 


Necrosis means the death of cells or groups of 
cells. It may occur suddenly, for example when 
cells are exposed to heat or toxic chemicals, or 
may be preceded by gradual and potentially 
reversible damage in which case the term nec- 
robiosis is occasionally used. 

Causes of necrosis 

(a) Marked impairment of Mood supply, 
usually due to obstruction of an cnd-artcry 
(that is, one without adequate collaterals) is a 
common and important cause of necrosis, the 
necfotic area being known as an infarct (p. 
246). Different cells can withstand the anoxia 
which results from ischaemia (impaired blood 
flow) for different periods, nerve cells, for ex- 
ample, die after only a few minutes, while flb- 
rocytes sumve amdi longer periods of anoxia. 

0>) Toxins. Certain bacteria, plants, and ani- 
such as snakes and scorpions, produce 
organic compounds which oven in very 


In t he following .iconmt onh ,t low ox.implos 
of cellular damage have been selected I lie 
topic arises frequentlv in later chapters and oin 
superficial treatment of this intpoitaut subuvt 
is merely a reflection of out present hash, 
ignorance. 

It is convenient to eoiiMdci the efteets n! cel 
hilar injury under two mam headings (1) cell 
death or wcvrow'v, irt which itro'ctsiMe changes 
take place in the cell so that no t m t tie? inte- 
grated function such as respiration ot numten 
anee of selective membrane peimeabilitv is pos- 
sible: (2) lesser forms of damage (sometimes 
described as degenerations t in which filiations 
important for the economy of the celt or both 
arc diminished ot lost but in which tmegiated 
vital functions such as respiration ami selective 
membrane permeability remain possible Main 
lesser forms of cellular damage ate reversible 
when the cause is withdrawn, tor example the 
injury to neurones bv thctapnitic doses of 
anaesthetic drugs. Others, not resulting in cell 
death, are irreversible, e g radiation damage to 
chromosomes resulting m non lethal genetic 
mutation. 


small quantities can cause cell damage amount- 
ing to necrosis. Some toxins have identifiable 
enzyme activity; for example, the causal orga- 
nism of gas gangrene. Cfamittim wlchii, 
forms a iceithinaxe which digests the lipopro- 
tein of cell membranes. Diphtheria toxin ap- 
pears to inhibit cellular protein synthesis by 
indirect interference with the transfer of ammo* 
acyl-tRNA to ribosomes. Certain bacterial 
toxins, including those mentioned above, exert 
their effects not only locally, but are distributed 
via the bloodstream and other routes and so 
injure the cells of organs remote from the infec- 
tion. The necrosis accompanying bacterial in- 
fection may be partly due to interference with 
the circulation brought about by toxic injury to 
the vascular endothelium with inflammation 
and sometimes thrombosis. 

(c) immunological injury. As will be described 
in Chapter 6, cell injury results in various ways 
from immune reactions. This is a feature of 
many infections, including tuberculosis in 
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which niK'ii-ulupr.'Scm. .1 m 'Movie product of 
the nibetek* Kudins. v- % * < k e an iinmunt' re- 
action which, though piMtvMivc m (miction, 
pM.niovic.tilv leads also to iuyjoms of cells m 
the ncijjhhouihooil ot the oiu.tmsm 

( 4 > Infection of cells. In certain infections, 
trot. this h\ vini'Cs, the mUvtmg agent prolifer- 
ates ss rt Inn veils Mam Mtuses kill mtcctai cells 
in tissue ciiltuie u.vtop.t!hk effri.Ii and this is 
pjoKtbls the cause ot mmoms ;;j wo* of the 
untenor horn veils ot the spinal coni in point' 
imoiitis 

U‘> ( hemic#! polvms. Mam v hemic, ds m high 
ct'iieeuttatioii cause iuvioms In non selective 
dciwtUMliori ot She cethilai ploteim ie p 
strong acnls, strong alkalis, carbolic acnl, titer- 
emic vhlotidc) i vaniile and thioroacetate are 
much more selective poisons and in low eon 
ccntratiom vjuickh came cell death bv inter- 
fering with osnlative ptodnction of energy 
from glucose, faffs acids and ammo aeivis As 
shown in I tg '1 evamde inhibits the enzyme 
e>ti*chrotne oxidase, theiebv preventing the use 
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converted to fluorocHwie which inhibit# conversion 
of citrate to wodtrate by aconitine. 


of oxygen. while fluoroacetutc forms a power- 
ful competitive inhibitor of the en/yme aeonitase 
which normally converts citrate to isoeitrate in 
the Krebs citric acid cycle. Necrosis of liver or 
other specialised cells results from the effects of 
poisoning, hut in many instances the mode of 
interaction between poison and cell is obscure. 

(f) Physical agents, ('ells are very sensitive to 
heat and. depending on the type of cell, they 
die after variable periods of exposure to a tem- 
perature of 45 (’old is much less injurious 
and. provided certain precautions are taken, 
cell suspensions and even small animals can be 
fio/en without being killed. Necrosis after 
frostbite is due to damage to capillaries, result- 
ing in thrombosis which may even extend to 
the arteries. Radiation damage, also a cause of 
neciosis. is considered on p, 52. Mechanical 
trauma such as crushing may cause direct dis- 
ruption of cells, ( ertain disorders of the nervous 
system are sometimes accompanied by necrotic 
lesions m the limbs; these ‘trophic* lesions were 
previously attributed to an ill-defined effect of 
denervation on tissue nutrition but are now 
thought to result from mechanical trauma 
which occurs unnoticed because of sensory 
h *ss 

The recognition ofjiiLcroMti . , 

ww* «>ri * -•«*> 

As a rule it is not possible to determine exactly 
when a particular ceil becomes necrotic i.e. 
when the disintegration of its vital functions 
has reached an irreversible stage. Many of the 
changes by which necrosis is recognised occur 
ttfirr cell death and are due to the secondary 
release of lytic enzymes normally sequestrated 
within the cell, e.g. in the lysosomcs; this 
process of autoiysfo is described below. 

Necrosis of cell suspensions in tissue culture 
can he studied conveniently by observing 
changes of permeability of cell membranes to 
dyes such as neutral red or trypan blue. These 
dyes are normally excluded from the nucleus but 
when ceils die, the nuclei become stained due to 
increased permeability of the membranes of the 
cell {Fig. 2.2). Alternatively, membranous com- 
ponents of the living ceils may be labelled with 
radioisotopes such as **Cr or SJ P; subsequent 
severe injury to the ceil, probably lethal, is 
recognised by release of the radio-active label 
from the cells into the culture medium. 

In organised tissues such as liver or kidney, 
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Fig 2.2 A suspension of lymphocytes Healed with 
cytotoxic iso-antibody and complement Some ol the 
cells have been hilled, and base become stained In 
trypan blue dye present ui the suspending Huai 
other cells have survived and are unstained • 1 'mi 

necrosis is usually recognised by secondary 
changes seen on histological examination. In 
preparations stained with haetnatoxylm and 
eosin. the nuclei may gradually lose their char 
acteristie staining with haetnatoxylm so that 
the whole cell stains uniformly with eosin (1 tg. 

2.3) , although the nuclear outline may persist; 
this change, the result of hydrolysis ol ehrotn 
atin within the cell after its death, is called 
karyolysis. Sometimes the chromatin of necro- 
tic cells, especially those with already dense 
chromatin such as polymorphonuclear leuko- 
cytes, forms dense haematoxylinophilic masses 
(pyknosis) and these may break up (karjor- 
rhexis) to form granules inside the nuclear 
membrane or throughout the cytoplasm (Fig. 

2.4) . In many necrotic lesions the outlines of 
swollen necrotic cells can be recognised hut the 
cytoplasm is abnormally homogeneous or 
granular and frequently takes up more eosin 
than normal. In other tissues, e.g. the central 
nervous system, necrotic cells absorb water and 
then disintegrate, leaving no indication of the 
architecture of the original tissue; the lipids 
derived from myelin etc. persist in the debris of 
the necrotic tissue. The activities of certain 
enzymes, e.g. succinic acid dehydrogenase, dim- 
inish rapidly after cell death and appropriate 
tests provide useful indicators of recent tissue 
necrosis. 

Electron microscopy of cells which have 
undergone necrosis shows severe disorganisa- 



Fiu- 2.3 I'.ut nl .in ml, ti, i n| kalia-v dii'Wim 1 
ciMv’til.itiv v ikmiivin \ glimintilu-. .ui4 liibiiji". . 
seen, but flu* mulct h.ivc ihs.ippc.ucd ,uid the .lnii 
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turn of structure <»,qw .in* seen in the various 
membranes and ahnounal polymoipluc inclus- 
ions, presumably denved to mi meiiibi.mes, he 
m the ground substance Fragmentation and 
vaeuulathm of endoplasmic reticulum and 
mitochondria! membranes precede the disap 



Fig. 2.4 Spreading necrosis wish karyonhexo in 
lymph node in typhoid fever, Note destruction of 
nuclei and numerous deeply-stained granules of 
chromatin. x4!2. 



Fij>. 2.6 Gangrene of toes. 

aclion oi phosphatases ami proteolytic cn 
zymes. I he small molecules produced by 
hydrolysis of macromoleettles lead to osmotic 
swelling of the necrotic cells and their organ 
elles provided that the membranes are suffici- 
ently intact. 

It should be noted that when many polymor- 
phonuclear leukocytes are present in necrotic 
tissue the enzymes from their abundant lyso- 
somes may contribute to the hydrolysis of other 
cells. This is an important factor in the lique- 
faction of pus and in the softening seen in 
infected organs at necropsy. 

If tissue is killed by heating, e.g, to 55 C, 
or by immersion in fixative such as formalin] 
the enzymes and other proteins arcadenatured 
and the histological features of necrosis attribu- 
table to autolysis do not develop. By contrast 
if a piece of tissue is deprived of its blood 
supply by removal from the living body and 
kept at 37 C the development of autolysis 
can be observed, with marked osmotic swelling 

ot membrane-bounded structures. 


Ivu* points of pi.tctic.il nupoit.iikf m the 
recognition of necrosis desetvo emphasis I list, 
morphological signs of ncuosis ,ue not upp.u 
cm until autolysis has developed m the ikmoik 
tissue, and this takes 13 .14 hours Second, !ol 
low ing death of the individual t somatic death I, 
all celts of the body will in time die due to lack 
of blood supply and post-mortem autolysis will 
gradually take place. This is particul.iilv 
marked in the parenchymal cells of the liver and 
kidney tubules and when seen at necropsv it may 
be mistaken for true necrosis, i.c ceil death 
ttccurring while the individual was still alive 
This problem is of great importance in electron 
microscopy which shows fine structural evi- 
dence of necrosis and of post-mortem autoKsts 
within a very short time. 

Somatic death 

Though not strictly related to cell necrosis, the 
interesting subject of somatic death (death of 
the individual) deserves some consideration. 
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Until recently, somatic death has been defined 
as complete and persistent cessation of respira- 
tion and circulation. For legal purposes the 
persistence of the state is arbitrarily taken as 
five or more minutes, by which time irreversible 
anoxic damage will have developed in the neur- 
ones of the vital centres. However, it is now 
possible to restore the circulatory and res- 
piratory functions of heart and lungs in many 
eases of somatic death as defined above, and 
integrated function both of cells and of organs 
(excluding those of the central nervous system) 
can then continue for prolonged periods with 
the aid of special equipment. This fact is of 
great importance in obtaining organs for trans- 
plantation from cadaveric donors and a legal 
redefinition of somatic death in terms of ex- 
tensive and irreversible brain damage is now 
necessary. 

Effects of necrosis 

By definition, necrotic cells are functionless. 
The effect of cell necrosis on the general well- 
being of the body accordingly depends on the 
functional importance of the tissue involved, 
the extent of the necrosis, the functional reserve 
of the tissue, and on the capacity of surviving 
cells to proliferate and replace those which 
have become necrotic. For example, splenec- 
tomy is compatible with good health in man 
(although it increases the risk of certain infec- 
tions) and extensive splenic necrosis is appar- 
ently of little importance. By contrast, exten- 
sive necrosis of renal tubular epithelium results 
in the serious clinical condition of renal failure 
which is likely to be fatal unless the patient is 
kept alive (e.g. by haemodialysis) until there is 
regeneration of tubules by proliferation of sur- 
viving cells. Necrosis of a relatively small 
number of motor nerve cells may produce 
severe paralysis which persists because nerve 
cells cannot proliferate to replace those lost. 
Since myocardial cells have not only a con- 
tractile but also a conducting function, quite 
small necrotic lesions may result in striking 
alterations in the electrical activity of the 
heart. 

The breakdown of necrotic cells results in 


escape of their contents. Enzymes such as 
aminotransferases released into the plasma from 
necrotic liver or myocardial cells form the basis 
of clinical tests for necrosis in these tissues. It 
should be emphasised, however, that abnormal 
enzyme release occurs from cells with damage 
short of necrosis (e.g. in muscular dystrophy). 

I n poisoning by alloxan, which kills the [i cells 
of the pancreatic islets, discharge of stored 
insulin from the necrotic cells results in hypo- 
glycaemia which may be fatal: those animals 
which survive develop diabetes from lack of 
insulin. 

Reactions to necrosis 

Neutrophil polymorphs frequently accumulate 
in small numbers around necrotic cells (Fig. 
2.5). Occasionally infarcts and caseous lesions 
are invaded by large numbers of these cells and 
this leads to softening as already described. 
Such softening is a notable feature in a small 
proportion of myocardial infarcts (which 
usually show coagulative necrosis) and may 
lead to rupture of the heart; it is also common 
in tuberculosis of the lumbar vertebrae where 
the caseous material liquefies and tracks down 
beneath the psoas fascia to form a ‘cold 
abscess’ in the groin. 

Individual cells killed by toxins rapidly 
undergo autolysis and are absorbed, especially 
when the circulation is maintained. They may 
be quickly replaced by proliferation of adjacent 
surviving cells. When a large mass of tissue 
undergoes necrosis, e.g. in an infarct, the ne- 
crotic material may be gradually replaced by 
ingrowth of capillaries and fibroblasts from the 
surrounding viable tissue so that a fibrous scar 
results. If this process is incomplete the necrotic 
mass becomes enclosed in a fibrous capsule, 
may persist for a long time, and may become 
calcified. Areas of necrotic softening in the 
brain arc usually invaded by macrophages and 
eventually become cyst-like spaces containing 
dear liquid and surrounded by proliferated 
astroglia. 

Old caseous lesions and necrotic fat have a 
marked affinity for calcium and frequently 
become heavily calcified. 
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Cell Damage Short of Necrosis 


Many forms of injury may cause cellular 
abnormalities short of necrosis, which may ser- 
iously affect health. Such cellular abnormalities 
may be detected by impairment of a physio- 
logical activity such as conduction of a nerve 
impulse, by chemical or histochemical means 
(diminished or excessive enzyme activity or stor- 
age or depletion of a chemical substance), by 
structural abnormality revealed by microscopy of 
one kind or another, or by a combination of 
these methods. Some of these forms of cellular 
injury lend themselves to scientific study be- 
cause they can be accurately, if arbitrarily, 
defined. 

The following discussion deals with very 
heterogeneous topics. First we consider 
damage to the nucleus, membranes and orga- 
nelles of the cell, then give examples of damage 
resulting in abnormal storage of metabolites. 
Next, the important problem of irradiation 
damage, both to single cells and cell popula- 
tions, is discussed and finally, shrinkage of cells 
(atrophy) and alteration of cell structure to a 
form more resistant to injury (metaplasia). 

Nuclear damage 

The importance of nuclear damage depends on 
the fact that the cell nucleus contains the gen- 
etic information upon which all the vital activi- 
ties of the cell ultimately depend. Indeed, as 
already explained, severe nuclear damage indi- 
cated by pyknosis and karyolysis are custom- 
arily taken as evidence of cell necrosis. It should 
be remembered, however, that red blood cells, 
although devoid of a nucleus, maintain selec- 
tive membrane permeability, produce energy by 
anaerobic glycolysis and perform their vital 
specialised function of oxygen transport in the 
blood for over 100 days in man. Protozoa such 
as Amoeba proteus survive at least for several 
days following microsurgical removal of their 
nucleus: motility and phagocytic activity are 
arrested but these return, together with the 
ability to reproduce, when the nucleus from 
another amoeba is introduced. It is therefore 
clear that cells can survive despite total cessa- 
tion of nuclear function; their metabolic ver- 
satility will, however, be greatly reduced and 
their ability to multiply lost. 


Gene mutation 

Perhaps the best understood form of nuclear 
damage is that due to irradiation or to muta- 
genic chemicals such as nitrogen mustards. These 
and other unidentified factors may result in 
errors in the sequence of purine and pyrimidine 
bases in DNA molecules. If the damage is suffi- 
ciently localised, e.g. affecting only one base, it 
is most unlikely to lead to an alteration in the 
nucleus demonstrable by available chemical or 
morphological techniques. Us presence may be 
inferred if there is a familial disease which can 
be shown to be due to genetic rather than 
purely environmental factors. Such diseases are 
essentially mediated by an abnormal gene 
resulting in incorporation of a “wrong' amino 
acid at a functionally important part of a pro- 
tein molecule, or by deletion of a gene with 
consequent absence of the protein. In most 
known examples, the affected proteins are en- 
zymes, as in phenylketonuria oligophrenia which 
affects I in 10 000 of the population. It is due 
to deficiency in the liver cells of phenylalanine 
hydroxylase, which normally converts phenyl- 
alanine to tyrosine, and brain damage appar- 
ently results from raised blood and cerebro- 
spinal fluid levels of phenylalanine and its 
metabolites. There are also many genetic abnor- 
malities of haemoglobin (haemoglobinopathies 
p. 522), the sickle cell abnormality (p. 7) being a 
good example. Other carrier proteins, for ex- 
ample transferrin which binds iron, may also be 
defective. Genetic abnormalities of cell surface 
receptors, e.g. for low density lipoproteins (p. 
30) have been described and there are probably 
errors in genes coding for the polypeptide 
chains of structural proteins such as collagen 
and also for proteins which regulate the activity 
of other genes. Many of the so-called inborn 
errors of metabolism are inherited as a reces- 
sive trait— i.e. are apparent only in the hom- 
ozygous individual, although sometimes the 
symptomless heterozygote can be identified by 
demonstrating subnormal activity of the gene 
product. It should be noted that similar but not 
identical genetic diseases may result from 
mutations affecting different genes concerned 
in a particular function, for example the vari- 
ous factors involved in blood coagulation, or 



by different mutations affecting a single gene 
and causing various degrees of functional im- 
pairment of the gene product. The influence of 
environmental factors in causing lesions may 
result in variations among individuals with an 
identical genetic abnormality, for example the 
severity of brain damage in phenylketonuric 
oligophrenia (see above) is influenced by the 
amount of phenylalanine in the diet. 

Some genetic disorders are evident at birth 
(i.e. are congenital), particularly those resulting 
in abnormalities of physical development. Fig. 
2.7 shows the masculinising effect of an excess 
of the androgenic steroid 17 a-hydroxyproges- 
tcrone on the development of the external geni- 
talia of a female child. This is due to genetic 
deficiency of the adrenocortical enzyme which 
normally converts that substrate to a non- 
androgenic steroid in the biosynthesis of corti- 
sol. Other genetic disorders become apparent 
when the demands of an independent existence 
after birth reveal a disorder of function such as 
renal failure, increased susceptibility to infec- 
tion, or mental deficiency. Some genetic dis- 
eases are first recognised later in childhood or 
even in adult life because of the existence of 
metabolic pathways or functions peculiar to 
later periods of life or to the cumulative effects 
of factors which injure the genetically abnormal 



Kg. 2.7 Developmental abnormality of external 
genitalia of newborn female child due to an inborn 
error of metabolism, androgen being synthesised in 
the adrenal cortex instead of cortisol. (Adrenogenital 
syndrome due to 21 hydroxylase deficiency.) (Profes- 
sor M, A. Ferguson-Smith.) 
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cells. The number of genetic disorders of meta- 
bolism is increasing rapidly, although the bio- 
chemical basis of many has not yet been eluci- 
dated. In recent years it has become possible 
to diagnose certain genetic abnormalities by 
investigation of fetal cells obtained in aspirated 
amniotic fluid and this has sometimes provided 
the opportunity to terminate pregnancy before 
the fetus is viable. 

In the above examples the mutation has 
occurred in a germ cell and is transmitted to 
the descendents of the affected individual, re- 
sulting in a familial pattern of disease. Muta- 
tion can also occur in cells other than germ 
cells — somatic mutation — but this is likely to be 
apparent only when the genetically altered cell 
proliferates abnormally to form a large family 
or clone of similar cells, e.g. when a tumour 
forms (pp. 319, 551). 

An interesting abnormality encountered in 
many types of tumour is the synthesis of sub- 
stances normally restricted to fetal life, e.g. a- 
fetoprotein (normally produced by fetal hepato- 
cytes) by liver cell cancer in the adult. Some 
tumours produce compounds characteristic of 
other tissues, e.g. parathyroid hormone by cells 
of tumours arising in the bronchus. The mech- 
anism of the underlying disorder of genetic 
control in such tumours is unknown. 

Chromosomal abnormalities 

Damage to the genetic apparatus more gross 
than that described above can sometimes be 
seen when the chromosomes of dividing cells 
are examined microscopically. An extra chromo- 
some may be found, e.g. three instead of the 
normal pair of No. 21 chromosomes are com- 
monly present in cases of Down’s syndrome, 
(Fig. 2.8), but it is not understood how the 
chromosome abnormality leads to the physical 
and mental defects found in this condition. 
Total absence of one chromosome from all 
body cells is almost invariably incompatible 
with survival, with the notable exception of the 
Y sex chromosome, present in males (XY) but 
not in normal females (XX). Individuals with 
one X and no Y chromosome are phenotypi- 
cally female but have a group of physical 
abnormalities including dwarfism and failure 
of ovarian development known as Turner’s 
syndrome. Structural abnormality of 
chromosomes in the form of deleted portions 
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Fig. 2.8 Karyotype (trypsin - Leishman banded) of female infant with trisomic Down’s syndrome. Three 21 
chromosomes instead of the normal two. (Professor M. A. Ferguson-Smith.) 


or added pieces derived from other chromo- 
somes, or unusual shapes such as rings, are 
sometimes found and may be associated with 
characteristic clinical syndromes (Fig. 2.9). In a 
familial variety of Down’s syndrome the two 
No. 21 chromosomes are normal but there is 
an abnormal No. 13 chromosome with an 
attached extra piece derived from a No. 21 . This 
arises from a reciprocal exchange of fragments 
between two chromosomes during meiosis. 

As would be expected, the gross chromo- 
somal abnormalities described above, affecting 
all the cells of the body, lead to complex abnor- 
malities since many genes must be involved. 
They arise during meiotic division of germ 
cells, the presence of an extra chromosome or 
absence Of a chromosome being due to failure 
of separation of a pair of homologous chromo- 
somes (aoa-disjnnction); One of the resulting 
gametes will have ah extra chromosome and 


the other will be correspondingly defective. 
Structural chromosomal abnormality is due to 
chromosome breakage with re-arrangement of 



Fig. 2.9 Inherited structural chromosome abnor- 
mality in phenotypically normal individual. There is 
translocation of part of the short am of a chromo- 
some 5 to the long am of chromosome 10 as shown 
by the banding pattern. (Professor M. A. Ferguson- 
Smith.) 
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fragmcni'' dtiniii' repair. I'lie reciprocal ex- 
change of unequal ti ailment'. between non- 
homologous chromosomes t translocation I ac- 
counts t'or the occurrence of abnormally large 
or small chromosomes 

Abnormal chromosome numbers (aneu- 
ploids ) ami structural chromosomal aberrations 
are invariably tonmi m the cells of malignant 
tumours. The best known example of a con- 
sistent structural chromosomal aberration is 
the ’Philadelphia' chromosome, present in 
white and red blood cell precursors m the 
marrow in chrome hixcIokI leukaemia (a neo- 
plastic proliferation of leukocytes) Radiation 
damage is known to cause chromosomal 
abnormalities m somatic cells and the fre- 
quency of chromosomal breakage has been 
used to assess exposure to radiation, Aneu- 
ploids ami structural abnormalities in indi- 
vidual chromosomes are also found in other 
circumstances, eg. in thyroid epithelial eells 
which June proliferated following stimulation 
by pituitary thyrotrophic hormone, and in cells 
damaged h> viruses 

Staining techniques which demonstrate struc- 
tural transverse handing patterns are reveal- 
ing less gross abnormalities and variations in 
chromosomes and are proving valuable in re- 
lating normal and abnormal genes to particular 
sites tm ituhv idiul chromosomes (gem* mapping), 

Nutritional nuclear damage 

An interesting and clinically important form of 
nuclear damage is encountered in patients de- 
ficient in vitamin B >; or folic acid. The nuclei 
are larger than normal but contain less than 
optimal amounts of DNA for cell division. The 
chromatin of the large nuelei is arranged in a 
fine threadlike fashion (lug 17,2. p. 505) com- 
pared with the condensed masses seen normally 
(Fig. 17,1, p, 505), and when mitosis occurs the 
chromosomes in affected individuals are longer 
and less tightly coiled than normal These 
changes occur m many tissues but arc best 
known in the precursors of red cells in the bone 
marrow which is said to exhibit megaloblastic 
erythropoksls In addition to nuclear enlarge- 
ment in megalobiasts there is increased amount 


of cytoplasm, cytoplasmic basophilia due to 
excessive RNA and premature haemoglobinisa- 
tion as judged by the immature state of the 
nucleus. 

The mechanism of these changes is incom- 
pletely understood. Folate plays an essential 
role in the synthesis of purine bases and 
thymine, and deficiency of these substances 
presumably impairs nucleic acid synthesis, 
especially DNA which, unlike RNA, contains 
thymine. This could explain the delay of DNA 
synthesis prior to cell division together with 
excessive cytoplasmic growth and premature 
haemoglobinisation. Vitamin B 12 is thought to 
influence nuclear structure by affecting folate 
metabolism (see Chanarin, 1979). Methyl folate 
is inactive in purine and thymine biosynthesis 
and one of the main functions of vitamin B 12 is 
the transfer of methyl groups from methyl 
folate for the synthesis of choline. Accordingly, 
when there is severe vitamin B, 2 deficiency 
as in pernicious anaemia (p. 535), megalo- 
blastic change occurs due to accumulation of 
methyl folate, and is reversed temporarily by 
the administration of folic acid, and per- 
manently by life-long administration of vitamin 

B,2- 

Toxic nuclear damage 

Many drugs used in the treatment of cancer 
impair DNA replication either by combining 
directly with DNA (e.g. the alkylating agents 
nitrogen mustard and cyclophosphamide and 
certain antibiotics such as Actinomycin and 
Adriamycin) or by acting as analogues of 
normal metabolites and blocking the enzymes 
involved in nucleic acid synthesis. These in- 
clude purine antagonists (mercaptopurine and 
its derivatives), pyrimidine antagonists (fluor- 
ouracil, cytarabine) and folic acid antagonists 
(methotrexate). The periwinkle alkaloid Vin- 
cristine damages the mitotic spindle. Amanitine 
(a toxic peptide from the mushroom Amanita 
pkalloicks) and D-galactosamine interfere with 
RNA synthesis in different ways and result re- 
spectively in fragmentation of nucleoli and in 
their disorganisation and replacement by small 
fibrillar bodies. 
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Damage to membranes and organelles 


Electron microscopy reveals membranous 
structures which form the boundary wall 
around the cell and various compartments 
(organelles) within. The membranes arc com- 
posed of lipoprotein or of phosphoglyceride bi- 
layers containing enzymes, etc., and have the 
general properties of semipermeable mem- 
branes. The important definition of cellular 
compartments depends to a large extent on this 
property since soluble proteins of different 
types can thereby be sequestered within the cell; 
for example, hydrolases, potentially harmful to 
the cell, are confined within the lysosomes. As 
a result of the semipermeability of the mem- 
brane, the cell and its organelles tend to be sub- 
ject to swelling and shrinkage depending on the 
relative osmotic pressures of the solutions in 
their various compartments and in the extra- 
cellular fluid. The membranes are not, however, 
inert but actively regulate the transport of crys- 
talloids, including electrolytes, by enzymatic 
action which constantly modifies the chemical 
structure of the membrane and requires the 
provision of energy from ATP. Thus although 
K + and to a smaller extent Na + can passively 
diffuse through cell membranes, the intracellu- 
lar concentration of K + is much higher, and of 
Na + lower, than that of the extracellular fluid; 
these differences are due to the outward ‘pump- 
ing’ of sodium by the cell membrane. 

An additional important function of the 
membranes of the cell is that they form a cyto- 
skeleton. This influences the shape of the cell 
and provides supporting structures for arrays 
of enzymes which form sequential functional 
units, such as those involved in the citric acid 
cycle and the flavoprotein and cytochrome sys- 
tems of the cristae of the mitochondria. 

Cell membranes 

It has been shown by microsurgery that cells 
can survive incision of the surface membrane, 
and presumably self-sealing gaps develop in 
membranes when particulate material (e.g. nu- 
clear fragments from normoblasts) is extruded 
from ceils. However, most forms of reversible 
, injury to surface membranes are not associated 
; with. demonstrable , structural lesions. When 
antibody reacts with antigen associated with 


the cell surface, complement may be activated 
(p. 143) with formation of complexes which 
bind to and injure the cell membrane, produc- 
ing blebs and holes in it (Fig. 2.10): cell death 
results from osmotic disturbances. 



Fig. 2.10 Electron micrograph of part of the cell 
membrane of Esch. cali treated with antibody and 
complement, followed by treatment with trypsin, 
Activation of complement at the sites of antigen 
antibody reaction has resulted in lesions appar- 
ently holes- in the cell membrane, and these are ac- 
centuated by trypsin, x 140 000. (Dr. R. Dourmash- 
kin.) 

An indication of surface membrane dysfunc- 
tion frequently encountered following anoxia 
and certain poisons is osmotic swelling of the 
cell with accumulation of water in the cyto- 
plasm and resulting separation of organelles 
(Fig. 2.11 and 2.12). Such intracellular oedema, 
when reversible, may be the result of increased 
permeability of the surface membrane to 
sodium, or due to failure to remove sodium 
from the cell consequent upon diminished 
supply of ATP, or to poisoning of the enzymes 
involved in the sodium pump, e.g. by the drug 
ouabain. Increased cell volume leaves less room 
for extracellular fluid and this may impair the 
transport of metabolites between cells and the 
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a 

Fig. 2.11 Electron micrographs of 
chicken cartilage cells a before and b 
afterinjurybyglutamylaminoacetonitrile. 
The damaged cell is swollen due to 
accumulation of water. xAOOO, (Dr. 
Morag MeCallum.) 



circulation, with further cell injury. When 
sodium ts taken up by large numbers of cells, 
for example around extensive burns, there may 
be severe hyponatraemia (sick cell syndrome) 
which should not be treated by administering 
sodium. 

The cell membrane controls the passage not 
only of water and inorganic ions, but also of 
organic molecules, into the cell cytoplasm. An 
inherited disorder characterised by failure of 
membrane transport of diamino adds, includ- 
ing lysine and ornithine, results in their pres- 
ence in the urine because the renal tubular epi- 
thelium cannot re-absorb them: there is also a 
raised blood level of ammonia which is not 
converted to urea because ornithine does not 
enter hepatocytes in amounts adequate for the 
urea cycle. 

The cell membrane also has an important 


role in receiving information from the environ- 
ment of the cell through specialised surface 
receptor molecules which can combine specifi- 
cally with polypeptide hormones, antigens, etc. 
Diminished numbers of surface receptors, lead- 
ing to altered cellular responses, may result 
from genetic abnormality (e.g. in hyperbeta- 
lipoproteinaemia, p. 30), blocking by poison 
(e.g. the acetylcholine receptor on skeletal 
muscle by curare) or from prolonged overstimu- 
lation (e.g. of the insulin receptor by chronic 
hyperinsulinaemia). 

Damage to desmosomes (the adhesion points 
of cell membranes which bind epithelial cells 
together), apparently caused by antibody and 
complement acting on adjacent intercellular 
material, is seen in the skin disease pemphigus. 
The desmosomes of the stratified squamous 
epithelium of the skin and mucous membranes 
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Fig. 2.12 Ballooning of epithelial cells due to bacterial 
toxic injury in acute laryngitis, x 250. 


(the 'prickles' of the prickle cell layer) disap- 
pear and the resulting loss of cellular adhesion 
(acantholysis) is expressed in the formation of 
large intra-epidermal blisters (bullae) contain- 
ing viable disaggregated prickle cells. 


Endoplasmic reticulum 

Loss of parallel arrays of endoplasmic reticu- 
lum and vacuolation due to accumulation of 
water within the membrane-lined spaces are 
frequently encountered as reversible lesions in 
anoxia and various poisonings, again presum- 
ably due to alterations in membrane per- 
meability (Fig. 2.13). The swelling may be so 
severe in carbon tetrachloride poisoning as to 
give the cells a ballooned appearance. A 
marked increase of smooth endoplasmic reticu- 
lum bearing the mixed-function oxidases, e.g. 
cytochrome P450, is seen following the adminis- 
tration of certain drugs, notably phenobarbi- 
tone. This change is of special importance in 



» b 

***• Effect of carbon tetrachloride on the liver cells, a Part of normal mouse liver cell: note the regular 
parallel plates of granular endoplasmic reticulum and discrete clusters of ribosomes, b Part of a mouse liver 
a ‘^ er administration of carbon tetrachloride. The plates of granular endoplasmic reticulum 
appear te have segregated into smalkr oval vesicles from which many of the ribosomes have become detached 
aaa are dispersed singly' in the cytoplasmic matrix. Mitochondria show no abnormality, x 23 000. 
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the study of cellular damage since these en- 
zymes are responsible for the initial stages in 
the metabolism of many drugs, some of which 
are detoxicated and rendered less effective 
while the oxidation products of others are more 
toxic than the parent substances. 

Disaggregation of polyribosomes, pre- 
sumably associated with decreased production 
of mRNA, has been noted in ischaemic cell 
damage and with certain poisons, some of 
which also cause loss of ribosomal particles 
from the rough endoplasmic reticulum. The 
resulting failure of protein synthesis has been 
corrected in experimental situations by the 
provision of a synthetic mRNA, but when the 
outlines of the ribosomal particles (as seen by 
electron microscopy) become indistinct, there is 
irreversible failure of protein synthesis. 

Mitochondria 

Diminished oxygen supply quickly interferes 
with the important mitochondrial function of 
oxidative phosphorylation— the production of 
high energy phosphate bonds in ATP by com- 
bination of oxygen with hydrogen through the 
flavoprotein-cytochromc enzyme systems. One 


minute of ischaemia causes a ten-fold decrease 
in the ATP: ADP ratio. Mitochondrial function 
can be restored by a return of adequate oxy- 
genation even after lethal changes have occur- 
red elsewhere in the cell. 

Anoxia and many poisons cause reversible 
osmotic swelling of mitochondria which gives 
the cell cytoplasm a swollen, cloudy and granu- 
lar appearance in light microscopy (Fig. 2.14). 
This change, long known as 'cloudy swelling’, 
is seen especially in metabolically active tissues 
such as liver, kidney and myocardium, and is 
exactly the same as that which develops within 
a few minutes of cessation of the circulation 
after death of the body or excision of the tissue. 
For this reason, pathological significance can 
be attached to its finding only if pieces of tissue 
small enough to be permeated rapidly are 
promptly placed in fixative. Isolated mitochon- 
dria can be made to swell and contract in vitro 
by adding calcium ions and ATP respectively 
to the medium in which the mitochondria are 
suspended. 

Electron microscopy of injured mito- 
chondria, in addition to showing in detail the site 
of swelling, reveals other abnormalities. A very 
early indication of anoxic damage is the dis- 



Flg. 2.14 Left, normal kidney. Right, cloudy swelling of renal tubular epithelium, showing cytoplasmic 
granularity. x300. 
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appearance of the dense granules occasionally 
seen in the matrix of normal mitochondria. 
These bodies are thought to represent lipid- 
bound calcium which accumulates under the 
influence of respiration and ATP. A later struc- 
tural change, characteristic of mitochondrial 
damage following various types of cell injury, is 
development in the matrix of dense poorly de- 
fined aggregations of unknown composition. A 
second type of abnormal mitochondrial inclus- 
ion apparently composed of calcium (some- 
times as hydroxyapatite) is found in very varied 
circumstances, e.g. in renal tubular epithelium 
when there is excessive calcium in the urine due 
to vitamin D poisoning or to hyperparathyr- 
oidism, and in myocardial mitochondria in 




2.1,5 Electron micrographs of human erythro- 
htasts. Above, mitochondria of normal erythroblast. 

mitochondrion of erythroblast from a patient 
with Stdaobfastic anaemia, the' mitochondrion 'is 
saroBen and has an etectron-hjcent matrix in which 
masses otkxm^mmng material. 

A. :ta;,;Madcay.) \ ■ ■■ j , 


magnesium deficiency. Dense mitochondrial 
inclusions (Fig. 2.15) containing iron arc found 
in the red cell precursors in sideroblastic 
anaemia in which there is impairment of iron 
utilisation (p. 540). 

Lysosomes 

These are cytoplasmic organelles limited by a 
single membrane. They contain various hydro- 
lases which digest proteins, fats, carbohydrates, 
etc. Under the electron microscope they present 
very varied appearances and can be recognised 
with certainty only by histochemieal demon- 
stration of their acid hydrolase activity. The 
enzymes have a low pH optimum and become 
active when the membrane of the primary lyso- 
some is altered, e.g. by fusion with a phagocytic 
vacuole to form a secondary lysosomc (phago- 
some, or phagolysosome). 

Lysosomal hydrolases seriously impair the 
biochemical function and structure of subcel- 
lular particles in vitro and there has been much 
speculation on the importance of lysosomal 
damage in cell injury in vivo (see Dingle and 
Fell, 1973). Damage to the lysosomal mem- 
brane leading to release of lysomal enzymes into 
the cytoplasm of living cells results in various 
degrees of cell damage up to necrosis. This 
happens in certain bacterial infections, e.g. by 
streptococci, and appears to result from the 
action of bacterial toxins. It is also encountered 
in hypervitaminosis A where it is attributed to 
the surfactant effect of the vitamin on the lyso- 
somal membranes. Another example is the nec- 
rosis of macrophages which have ingested silica 
particles; some of the silica of the particles 
within phagolysosomes is converted to silicic 
acid and this forms hydrogen bonds with the 
phospholipids of the lysosomal membrane 
which then ruptures and releases the enzymes 
into the cytoplasm. Phagocytosis of mono- 
sodium urate crystals by neutrophil polymorphs 
in patients with gout is said to increase lyso- 
somal permeability with resultant cell injury. 
Some photosensitivity reactions are due to 
lysosomal membrane damage when certain pig- 
ments, e.g. porphyrin, taken up by lysosomes, 
release energy on exposure to light of appro- 
priate wavelength. Cortisol and chioroquine, 
drugs known to stabilise lysosomal membranes, 
diminish cell damage in vitamin A poisoning 
and some photosensitivity reactions. In many 



forms of cellular injury, however, the 'suicidal' 
release of lysosomal enzymes into the cyto- 
plasm does not seem to be an important factor. 
For example, autolysis by lysosomal enzymes 
in cells injured by hypoxia, carbon tetrachlor- 
ide and many other poisons occurs only after 
the cells have become necrotic. 

Phagosomes containing membranous struc- 
tures (e.g. damaged mitochondria) are com- 
monly encountered in cells with focal cytoplas- 
mic damage such as follows irradiation (Fig. 
2.16), during starvation, in tumour cells, etc. 
The damaged parts of the cell are taken into an 
autophagic vacuole which coalesces with a pri- 
mary lysosome to form a phagosome, and the 
activated hydrolases digest the contents of the 
vacuole. This process is accelerated by glu- 
cagon which acts via adenyl cyclase and cyclic 
AMP. Material resistant to digestion some- 
times remains within a phagosome and forms 
one variety of residual body seen on electron 
microscopy. Lipofuscin pigment (p. 285) seems 
to originate from undigested lipid-rich material 
in this way. The hydrolysis of effete membran- 
ous structures and the re-utilisation of the pro- 
ducts of digestion are probably of considerable 
importance in cellular economy. 

Many inborn errors of lysosomal function 
have been described. Most of these involve de- 
ficiency of an enzyme and are characterised by 
progressive accumulation of the appropriate 
substrate within greatly swollen lysosomes. 
Some examples of the resulting 'storage diseases’ 
are given on p. 2K and p. 32. Marked accu- 
mulation of metabolites in lysosomes with 
normal enzymes also occurs as a result of ex- 
cessive production of substrate, e.g. a-chains of 
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haemoglobin in red cell precursors in f) thajas- 
saemia (p. 523) and lipids in macrophages in 
certain hyperlipoproteinaemias (p. 566). Stor- 
age of heavy metals, e.g. iron in the form of 
ferritin and haemosiderin and copper, occurs in 
lysosomes when cells are overloaded with these 
substances. 



Fig. 2.16 Electron micrograph showing two auto- 
phagic vacuoles in adjacent cells of intestinal mucosa 
of mouse following radiation injury. Mitochondria 
and glycogen granules can be identified in the large, 
electron-dense vacuoles, x 57 000. 
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Triglycerides (or neutral fats) are glycerol esters 
of long-chain fatty acids and their storage in 
excess is a common and conspicuous feature of 
cell damage. Historically one of the first rec- 
ognised features of sublethal cellular injury, 
its mode of development has been a centre of 
interest for many years. It is important to dis- 
tinguish between an abnormal increase in the 
cells of adipose tissue (pathological obesity— -or, 
when the condition is localised, pathological 


adiposity) and the accumulation of fat in other 
types of cell (fatty change). The two processes 
are quite distinct although in pathological 
obesity fat also commonly accumulates in the 
liver cells. 

Fat metabolism 

Before outlining the main features of fat met- 
abolism, it is important to appreciate that water- 
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insoluble lipids are transported in the plasma 
mainly as complexes of triglyceride fats, chol- 
esterol and its esters, phospholipid and carrier 
protein (apoprotein). There are four major 
classes of such complexes in the plasma, 
namely chylomicrons and a, ft and pr e-/i lipo- 
proteins. These complexes differ in molecular 
size and in the proportion of their constituents, 
and so in density. 

The apoproteins are essential for the aqueous 
solubility of the lipoproteins: the three main 
ones are called apoprotein (or apo-) A, B and C', 
and are synthesised mainly in the liver. 

Over 95 per cent of the triglyceride in the diet 
is normally absorbed in the small intestine: 
much of it is hydrolysed in the gut into free 
fatty acids and monoglycerides, but these arc 
re-esterified in the jejunal mucosal cells, and 
incorporated into large (up to 100 nm diam.) 
particles, the chylomicrons, which contain apo- 
B and -C. The chylomicrons pass via the gut 
lymphatics to the plasma, and are mainly re- 
sponsible for its turbidity after a fatty meal. 
They consist of 90 per cent triglyceride fats, 
which are carried in the plasma mainly in this 
form. Reduction in size of the chylomicrons, 
and hydrolysis of fat, is effected by lipoprotein- 
lipase in the plasma, and the resulting glycerol 
and fatty acids are taken up by the cells of vari- 
ous tissues, including the liver. Some of the 
fatty acid is oxidised to provide energy, but 
much of it is re-esterified to triglyceride which 
is incorporated into pre-/? or very low density 
lipoproteins: these are then secreted into the 
plasma and provide a means of transporting 
triglycerides in water-soluble form. The pre-/J- 
lipoproteins, which make use of apo-B and 
apo-C, re-cycle through the liver, but are also 
taken up by the cells of the fat depots and 
other tissues, where the triglyceride is either 
used for energy or stored. 

Triglyceride stored in adipose tissue is con- 
tinuously being hydrolysed, and the fatty acids 
are secreted into the plasma where they are 
complexed with albumin. These so-called free 
fatty acids are taken up by muscle and other 
cells of high metabolic activity for the produc- 
tion of energy: that taken up by the liver cells 
is either oxidised or re-esterified to form tri- 
glyceride. 

The a or high density lipoproteins of the 
plasma are assembled in the liver, and make 
Tise ttf sqj^rotein A. Their ftmetion is uncer- 


tain but they seem to be of importance in the 
transport of cholesterol (see x-lipoprotein de- 
ficiency, p. 29). The /( or low density lipo- 
proteins. which contain apoprotein-B, trans- 
port cholesterol from the various tissues which 
synthesise it (especially the intestinal mucosa) 
to the liver, where it is added to that syn- 
thesised by the liver cells: much of it is then 
secreted into the bile. 

The control of these major metabolic pro- 
cesses is influenced by food intake and also 
by various hormonal and emotional factors: 
insulin stimulates the deposition of triglyceride 
in the adipose tissue depots; adrenal hormones 
(probably catecholamines and corticosteroids 
acting together) stimulate hydrolysis in the 
depots and release of fatty acids into the 
plasma, as does growth hormone and also thy- 
roxine. The rate of uptake of triglyceride and 
fatty acids by various other tissues, particularly 
the liver, is dependent on their concentrations 
in the plasma. Starvation results in release of 
fatty acids from the depots, and this is sup- 
pressed after a fatty meal. In addition to that 
provided by the diet, triglyceride is synthesised 
within the body, particularly in the liver and 
adipose tissues, from glucose, amino acids and 
fatty acids, and enters the metabolic pathways 
outlined above. 

Fatty change 

This is the accumulation of fat in cells other 
than adipose tissue cells, and was previously 
subdivided into fatty infiltration and fatty de- 
generation. It is due to imbalance between fat 
and fatty acids entering the cell and the rate of 
utilisation or release of fat by the cell. Probably 
all parenchymal cells which accumulate an 
abnormal amount of fat are injured. Even the 
gross fatty change seen in the liver in obesity 
(p. 667) can be regarded as a form of injury 
to the liver cells due to the disturbed fat meta- 
bolism resulting from overeating. 

Because of its major role in fat metabolism, 
the liver requires special consideration in fatty 
change. However, fatty change is seen not only 
in the liver cells, which are usually most seri- 
ously affected, but also in various other organs 
and tissues. The cells most prone to undergo 
fatty change are the parenchymal cells of the 
various organs, and skeletal and heart muscle 
cells, i.e. tire cells which because of their special- 



ised functions have a high metabolic activity. 
Part of their energy is normally supplied by the 
oxidation of fatty acids, provided largely by 
uptake from the plasma of free fatty acids re- 
leased from the fat depots, and lipoproteins 
secreted mainly by the liver. 

Microscopic appearances 

In fatty change of most organs, small droplets, 
consisting mainly of triglyceride, appear in the 
cytoplasm of the affected cells. Even in an 
advanced stage the droplets remain small and 
discrete, and do not greatly enlarge the cell 
(Fig. 2.17). In the liver, however, they may fuse 
to form much larger droplets (Fig. 2.18) and 
the liver cells may be greatly distended. In most 
instances, the centrilobular cells* are affected 
first and most severely, but in phosphorus pois- 
oning the change may be very severe and yet 
confined to the cells in the outer part of the 
lobules. The distribution of these lesions has 
not been fully explained. 

Electron microscopy shows the fat globules 
to lie free in the cytoplasmic matrix, without a 
limiting membrane. 



Fig. 2.17a Fatty change of heart muscle, stained 
with osmic add. Note the very numerous minute 
intracellular droplets arranged in rows, x 380. 
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Causes of fatty change 

The four major causes of fatty change are (a) 
hypoxia, ( b ) starvation and wasting diseases, \c) 
metabolic disorders, and ( d ) numerous chemi- 
cals and bacterial toxins. 

(a) Hypoxia. The hypoxia resulting from 
chronic anaemia is a common cause of fatty 
change in the various organs and tissues. In the 
liver it occurs especially in the central zone of 
lobules, which receives the poorest supply of 
oxygenated blood, while in the heart it is more 
marked in parts farthest from the arterioles, 
that is, it is pararterial in distribution. In the 
heart, the change may be seen through the 
endocardium as a fine mottled pallor (‘thrush 
breast’) of the myocardium of the left ventricle 
and papillary muscles. 

The fatty change commonly present in the 
cells of rapidly growing tumours is probably of 
the same nature, although in this instance there 
is inadequate blood supply or flow, and not 
just hypoxia. 

(b) Starvation and wasting diseases. Fatty 
change is observed in the liver and to a smaller 
extent in the myocardium and elsewhere in 



Fig. 2.17b Fatty change of tubules of kidney, 
stained with osmic acid, x 325. 


* The lobule, centred ou a hepatic venule, is still widely used, as above, to describe the location of changes in the hepatic 
parenchyma. However, it now seems more logical to consider the functional unit as the acinus centred on a portal tract, as 
explained on p. 661 . 
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Fig. 2.18 Fatty change of liver. The cells are filled 
with large globules of fat. (Stained with Sudan IV.) 
x 190. 

some patients who, previously well nourished, 
have died of a wasting disease such as gastric 
carcinoma or pulmonary tuberculosis. In other 
instances of equally or even more severe wast- 
ing, fatty change is not found. This was ex- 
plained by Dible and his co-workers in 1941 
who demonstrated experimentally that fat 
accumulates in the cells of the liver and other 
tissues under conditions of near-starvation so 
long as some adipose tissue remains. Once the 
fat depots are depleted, the fatty change dis- 
appears. The low food intake in wasting dis- 
eases leads to excessive lipolysis in the depots 
and release of fatty acids into the blood: these 
are taken up in increased amounts by the cells 
of various tissues and converted to triglyceride. 
Failure of carbohydrate metabolism resulting 
from the low caloric intake may also be of 
importance by interfering with intracellular 
oxidative breakdown of fatty acids, particularly 
in the liver. 

. Where a wasting disease is attributable to a 
toxic condition or complicated by severe infec- 
tion, this may farther impair hepatic fat met- 
abolism, as explained beloW: a good example is 
; by' infantile gastro-enteritis due to 


certain strains of Esch. coh, in which dietary 
intake is severely impaired by anorexia, vomit- 
ing and diarrhoea, and the liver is subjected 
to toxins absorbed from the infected gut. The 
liver usually shows gross fatty change in fatal 
cases. 

(c) Metabolic disorders. The fatty change in 
uncontrolled diabetes mellitus is attributable 
mainly to excessive release of fatty acids from 
the fat depots and impaired carbohydrate 
metabolism, both of which are a consequence 
of deficiency of insulin. The situation is thus 
similar to that in starvation, and in both con- 
ditions oxidation of fatty acids in the liver is 
incomplete and partial breakdown products, 
acetoacetic and hydroxybutyrie acids, escape 
into the blood, resulting in ketosis. The subject 
is discussed more fully on p. 1031. 

Fatty change is common in the liver in vari- 
ous inborn errors of carbohydrate metabolism 
including some types of glycogen storage dis- 
ease (p. 30), galactosaemia, and also in dis- 
orders of amino-acid metabolism. 

(d) Chemical and bacterial toxins. Of the 
many simple chemicals which can cause fatty 
change, phosphorus, carbon tetrachloride and 
puromycin are well-known examples. As in 
fatty change from other causes, the liver is 
usually most severely affected, but the changes 
are widespread, and may involve not only 
parenchymal cells, but also vascular endo- 
thelium and connective tissue cells. Fatty 
change is also a feature of severe infections, e.g. 
typhoid, smallpox and septicaemias. 

Two factors are involved in the production 
of fatty change by chemicals and toxins. 
Firstly, they directly injure the cells; secondly, 
they produce anorexia and often vomiting, and 
the low calorie intake results, as described 
above, in increased mobilisation of fatty acids 
from the depots. The nature of the cell injuries 
by many chemicals and toxins and the way 
these cause fatty change is by no means fully 
understood. 

As a result of recent experimental investiga- 
tions, it has been established that fatty change 
in the liver is attributable largely to reduced 
production of lipoprotein. The triglyceride 
which would normally have been released as 
lipoprotein thus accumulates in the liver cells. 
ITtis applies to fatty change induced in rats by 
administration of chlorinated hydrocarbons, 
ethionine, phosphorus, puromycin, orotic acid 


or a diet deficient in choline, each of which 
interfere with lipoprotein synthesis in different 
ways. There is some evidence that choline de- 
ficiency impairs the production of phospholi- 
pids, which are an essential constituent of lipo- 
proteins. 

It still remains unexplained how the various 
chemicals and toxins which cause fatty change 
in the liver affect also the cells of various other 
tissues. With the exception of the intestinal 
mucosa, which shares with the liver the prop- 
erty of converting fat to lipoprotein, tissue cells 
in general expend fat mainly by oxidative 
breakdown. It therefore seems likely that the 
various chemicals and toxins which produce 
widespread fatty change interfere in some way 
with this latter process. 

Effects of fatty change 

Fatty change results from cell injury, but varies 
in degree in different types of cell injury. For 
example, liver cell necrosis in viral hepatitis is 
not preceded or accompanied by any signific- 
ant degree of fatty change, but there is severe 
fatty change associated with liver cell necrosis 
in phosphorus poisoning. Also the gross fatty 
change in the liver which may accompany obes- 
ity or alcoholism is not itself usually accom- 
panied by severely impaired hepatic function. 

Fat accumulates less rapidly in the other 
organs than in the liver but, as in the liver, the 
important factor is the severity of the cell 
injury, which is not reflected by the degree of 
the fatty change. 

Fatty change in the heart may indicate severe 
myocardial injury, from which heart failure 
may result. For example, in severe anaemia at- 
tributable to a lesion requiring surgical inter- 
vention, such as recurrent haemorrhage from a 
peptic ulcer, it is important that, when practic- 
able, the anaemia should be treated and time 
allowed for the myocardium to return to 
normal before any major operation is under- 
taken. The administration of a large volume of 
blood or packed red cells over a short period 
carries a risk of overloading the impaired myo- 
cardium, especially if followed immediately by 
major surgery. 

Pathological obesity 

Obesity, the accumulation of excessive amounts 
of adipose tissue, is a subject in which it is dif- 
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ficult, if not impossible, to draw a sharp divid- 
ing line between physiological and pathological 
states. However, there is no doubt that gross 
obesity is harmful, and must be regarded as 
pathological. 

Causes. Basically, obesity is very simply ex- 
plained, being due to a dietary intake of calor- 
ies in excess of those expended to provide energy 
for the body’s metabolism. It is thus attribut- 
able to overeating, particularly of carbohy- 
drates and fats, often combined with lack of 
exercise. Attempts to demonstrate metabolic 
differences between fat and thin people, e.g. in 
efficiency of intestinal absorption or in basal 
metabolic rate have, in general, been unsuccess- 
ful and the main problem of obesity appears to 
be the cause of overeating, a subject involving 
psychological factors which will not be discus- 
sed here. Some individuals, however, seem to 
be predisposed to obesity more than others, 
and genetic factors may be involved, as in some 
inbred strains of animals. It has been observed 
that when healthy young adults are given a 
high calorie diet and kept at rest in bed, those 
who are overweight gain more weight than the 
thinner subjects. The activity of the thyroid 
gland, by influencing the rate of general met- 
abolism, has an important influence on energy 
expenditure, and the pituitary, adrenals and 
gonads all influence the amount of fat depos- 
ited. Damage to the hypothalamus with de- 
ficiency of pituitary secretion in early life leads 
to adiposity along with failure of sexual de- 
velopment, and there is evidence that some 
forms of obesity in the adult are of similar caus- 
ation. Extreme degrees of adiposity can be 
induced in rats by small precisely placed experi- 
mental lesions in the tuber cinereum, the mode 
of action of which appears to be the develop- 
ment of a voracious appetite. 

Gross abnormalities of the hypothalamus or 
of endocrine function have not been demon- 
strated in the great majority of obese subjects 
investigated, but it may be that more subtle 
variations in the functioning of these organs 
are of importance. 

Structural changes. Apart from the increase 
in size of the normal depots, e.g. the subcutane- 
ous tissue, the omentum, retroperitoneal tissues 
and epicardium, adipose tissue in obesity may 
extend to sites where it is normally absent. For 
example, in pathological adiposity of the heart, 
adipose tissue extends along the lines of con- 
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Fig. 2.19 Pathological adiposity of heart. The 
whole thickness of the wall of the right ventricle is 
infiltrated with adipose tissue extending from the 
epicardial layer between the muscle fibres which are 


consequently atrophied, liven the columnae carneae 
are involved. .\ 6. 

nective tissue through the heart wall (l-'ig. 2.19), 
and leads to atrophy of the muscle fibres and 
consequent weakening of the wall to such an 
extent that the right ventricle may rupture. A 
similar accumulation of stromal fat is seen 
occasionally in the pancreas. 

In obese individuals, the liver may be grossly 
enlarged by accumulation of large droplets of 
fat in the liver cells. This is discussed on p. 
667. 

Effects. Apart from the limitations imposed 
on physical activity by obesity, it has long been 
recognised, and notably by life insurance com- 
panies, that obesity is associated with a reduced 
expectation of life attributable to an increased 
incidence of high blood pressure, coronary 
artery disease, heart failure, chronic bronchitis 
and respiratory infections, and lute-onset diab- 
etes. 

The high and increasing incidence of obesity 
in affluent societies poses a major health 
problem. 


Abnormal storage of other lipids 

The lipids of the body other than triglyceride 
are chemically very heterogeneous and include 
sterols (cholesterol and its esters), phos- 
pholipids and complex lipids (e.g. glycolipids). 
These substances are frequently united with 
proteins to form lipoproteins, some of which 
constitute the insoluble membranes of cells, 
while others are soluble and play an important 
part in the transport of triglyceride in suspen- 
sion in the pla'sma. Many diseases are known in 
which one or more of these substances accumu- 
late in cells in abnormal amounts. By far the 
most important is atheroma, a poorly under- 
stood disorder in which various lipids, includ- 
ing sterols, phospholipids and triglyceride, 
accumulate in the intima of arteries and cause 
narrowing or occlusion of the lumen with con- 
sequent impairment of blood flow. 

Most of the other disorders are much less 
common but illustrate interesting principles. 
Pathological accumulation of lipids other than 

trifecerides within cells may develop in the fpi- 

... 


Inherited deficiency of lysosomal 
enzymes 

Cells may accumulate lipids derived from the 
normal turnover of the membrane material 
bounding the cell surface and organelles. This 
occurs in individuals lacking an enzyme neces- 
sary for the catabolism of membrane-derived 
lipids, and the accumulation of lipid is often 
especially prominent in macrophages because 
of their phagocytic function. A good example is 
Gaucher’s disease in which there is a genetic 
deficiency of a lysosomal /i-glucosidasc. Nor- 
mally, old worn-out red cells are phagocytosed 
and digested by macrophages, mainly in the 
spleen. In Gaucher’s disease the glucocerebro- 
sides of the red cell membrane accumulate in 
phagosomes in the macrophages, which con- 
sequently become greatly enlarged and develop 
a characteristic appearance (Fig. 18,3, p. 567) 
and are termed Gaucher cells. Their accumula- 
tion causes gross splenomegaly, hepatomegaly, 
and anaemia due to replacement of the haemo- 


poietic tissue by Gaucher cells. Another form 
of Gaucher’s disease affects the cerebral neur- 
ones (p. 567). 

In marked contrast to Gaucher’s disease, the 
lesions of Krabbe’s disease are confined to the 
central and peripheral nervous systems because 
galactocerebroside, the substrate of the defi- 
cient enzyme galactocerebroside /J-galactosi- 
dase, is a major component only of myelin. This 
recessive lysosomal enzyme defect causes, in 
infancy, severe central and peripheral nervous 
dysfunction due to unexplained demyelination 
of axons. Krabbe’s disease is also known as 
‘globoid leukodystrophy’ since the white 
matter of the brain is particularly affected and 
the lesions contain macrophages: these are glo- 
boid in shape because they are distended with 
PAS-positive galactocerebroside which has 
characteristic electron-microscopic appearances. 
Gaucher’s disease and Krabbe’s disease illus- 
trate the great differences between lesions due 
to inherited deficiency of enzymes responsible 
for intracellular breakdown of lipids and de- 
monstrate some of the reasons for these differ- 
ences. 

Disordered plasma lipid transport 

Several inherited abnormalities of plasma lipo- 
proteins are known which lead to massive ac- 
cumulation of lipid in macrophages. These cells 
become spherical and enlarged due to the pres- 
ence of numerous lipid vacuoles which give the 
cytoplasm a foamy appearance (Fig. 2.20). The 
predominant lipids stored are cholesterol esters 



Fig. 2.20 Macrophages distended with multiple fine 
droplets of doubly-refiractile lipid. Photographed 
through crossed polarising prisms, x 500. 
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which are seen to be doubly refractile when 
viewed under the microscope with polarised 
light (Fig. 2.21). Large accumulations of these 
cells (often accompanied by extracellular lipid 
deposits) may form nodules, called xanthomas 
because of their yellow and tumour-like ap- 
pearance. 



Fig. 2.21 Deposition of doubly-refractile lipid in 
early atheroma of aorta, photographed by polarised 
light. 


The rare familial a-lipoprotein deficiency 
(Tangier disease) is due to absence of apo- 
protein A. There is a moderate increase in the 
plasma level of triglyceride which is associated 
with /i-lipoproteins as unstable complexes. 
These are phagocytosed by macrophages in the 
spleen, liver, tonsils and lymph nodes, all of 
which organs become enlarged due to accumu- 
lation of cholesterol esters, presumably derived 
from the /1-lipoprotein. Great enlargement 
of the tonsils, orange in colour due to the 
stored lipid, is a unique finding in this disease. 

Familial hyperchylomicronaemia, apparently 
due to inherited deficiency of serum lipoprotein 
lipase, is characterised by a milky appearance 
of the serum, even after overnight fasting, due 
to chylomicrons which are not cleared from the 
plasma at the normal rate. There is lipid stor- 
age in macrophages in the enlarged liver and 
spleen, and xanthomas may be found in the 
dermis. It is of interest that in both of the 
above diseases the stored lipid is predominantly 
cholesterol ester, although the main elevation in 
serum lipid affects the triglycerides in the chy- 
lomicrons. Presumably the latter are broken 
down following phagocytosis by the macro- 
phages, leaving a steadily increasing residue of 
less digestible esters of cholesterol. The steroid 
nucleus cannot readily be broken down and is 
mainly disposed of by excretion. 
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Familial hyperbetalipoproteinaemia is a rela- 
tively common disorder, inherited as a Mende- 
lian dominant, in which the plasma /5-lipopro- 
tein is greatly increased. Cholesterol, an im- 
portant integral part of the lipoprotein mole- 
cule, is correspondingly raised, hence the old 
name ‘familial hypercholesterolaemia’. There is 
little elevation in triglycerides and the plasma is 
not milky. Atheroma, fatal even in childhood 
in rare homozygous individuals, and in many 
cases xanthomas affecting skin and tendon 
sheaths, increase with time and parallel in sever- 
ity the plasma lipoprotein abnormality. 

Many kinds of cells, including fibroblasts 
and aortic smooth muscle cells (but not liver or 
intestinal epithelium), have surface receptors 
for the apoprotein of jj-lipoproteins. High lipo- 
protein concentrations in plasma and inter- 
stitial fluid saturate these receptors and this 
leads to diminished production of the rate-limit- 
ing enzyme for cholesterol synthesis in these 
cells (i.e. there is a negative feed-back control). 
In individuals homozygous for hyperbetalipo- 
proteinaemia, the receptors are absent and chol- 
esterol synthesis is greatly increased. Hetero- 
zygotes have half the normal number of receptor 
sites and this is compensated by raised levels of 
/5-lipoproteins. 

These and other inherited lipoprotein dis- 
orders illustrate the varied metabolic abnor- 
malities underlying excessive storage of choles- 
terol esters in foam cells in different parts of 
the body. Hyperlipoproteinaemia also develops 
secondary to other diseases; for example, tran- 
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sitory hyperehylomicronaemia is encountered 
sometimes when severe diabetes mellitus is in- 
adequately controlled and secondary hyper- 
betalipoproteinaemia, reversible by thyroxine 
therapy, is seen in hypothyroidism. These and 
other disorders (e.g. obstructive jaundice, pan- 
creatitis, alcoholism and nephrotic syndrome) 
may be associated with various forms of hyper- 
lipoproteinaemia. 

Other lipid depositions 

Submucosal aggregates of foam cells are often 
found in the gallbladder giving it a ‘strawberry’ 
appearance (Fig. 20.64. p. 710); presumably 
this results from intracellular storage of part of 
the cholesterol that is normally reabsorbed 
from the bile. 

The important subject of atheroma will be 
considered later (p. 362). Suffice it to say here 
that pressure filtration of lipoprotein from the 
plasma into the intimal layer of the arteries 
leads to a difficult problem in disposing of the 
associated cholesterol by the local population 
of modified smooth muscle cells. At first the 
filtered lipid is found within these cells but 
these are quickly overwhelmed and most of the 
accumulated lipid eventually lies in an extra- 
cellular position. As already indicated, atheroma 
is particularly prone to develop in individuals 
with certain of the inherited lipoprotein abnor- 
malities; it seems to result also from modern 
western dietary habits which lead to alterations 
in serum lipoproteins and lipids. 


The normal human body contains approxi- 
mately 500 grams of glycogen, present mainly 
in muscle and liver cells, but also found in 
small amounts in the other tissues. Glycogen is 
a water-soluble branched polymer, composed 
exclusively of glucose units, and is broken 
down by enzymes (gjycogenolysis) to provide 
glucose needed, to .meet increased energy re- 
quirements, e.g. during muscular exercise. The 
depolymerisation is effected mainly by phos- 
plorylase enzymes which liberate gluqoSe 1- 
phosphate, and this in turn is converted into 
glucose 6-phosphate which can be used for the 


intrinsic metabolic needs of the cell. For the 
maintenance of blood glucose levels during fast- 
ing and exercise, glucose 6-phosphate must be 
converted to glucose before release from the 
cell, and this happens almost exclusively in 
the liver, but also in the kidney, both of 
which contain the necessary enzyme, glucose 
6-phosphatase. 

Largely as a result of the brilliant biochem- 
ical studies of G. E. Cori, a number of distinct 
inherited glycogen storage diseases have been 
recognised, each associated with a different 
single enzyme deficiency. In several forms of 



the disease, the affected organs are enlarged 
due to an increased content of glycogen. His- 
tological examination of sections stained by 
haematoxylin and eosin reveals clear unstained 
material distending the affected cells (Fig. 
2.22); histochemical confirmation of the nature 
of the material is given by Best’s carmine, or 
the periodic acid Schiff (PAS) stain (with and 
without prior hydrolysis of the section with 
diastase), and this is most satisfactorily ob- 
tained with tissue fixed promptly in alcohol in 
which glycogen is insoluble. Glycogen also has 
a characteristic appearance on electron micro- 
scopy, occurring as dense particles larger than 
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Fig. 2.22 Myocardium in Pompe’s disease a, com- 
pared with normal myocardium, b. The affected 
muscle fibres are distended with glycogen and 
appear vacuolated. x460. 
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ribosomes; these sometimes form rosette-like 
clusters (Fig. 2.23). 

In von Gierke’s disease (Cori Type 1) there is 
deficiency of glucose 6-phosphatase, an enzyme 
which is associated with the endoplasmic re- 
ticulum. The resulting failure to convert glu- 
cose 6-phosphate to glucose for release into the 
circulation leads to hypoglycaemia and a ten- 
dency to increased glycogen storage in liver and 
kidney, the organs which normally contain glu- 
cose 6-phosphatase. As a consequence of the 
excessive glycogen storage, these organs 
become enormously enlarged. The disordered 
carbohydrate metabolism leads to increased 
lipogenesis and raised serum levels of triglycer- 
ide (as the very low density pre- ^-lipopro- 
tein), xanthomatosis, obesity, fatty change in 
the liver and ketoacidosis. The affected children 
also show retarded growth. 

Pompe’s disease (Cori Type 2) has recently 
been shown to result from an inherited de- 
ficiency of the lysosomal enzyme acid a-glucos- 
idase which is normally present in all tissues and 
presumably hydrolyses the small amount of 
glycogen present in phagosomes as a result of 



Fig. 2.23 Electron micrograph of normal liver 
showing the characteristic small, dense, round par- 
ticles of glycogen. The large dense organelle at the 
top of the field is a residual body, x 30 000. 
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autophagy. In Pompe’s disease, the glycogen 
in autophagosomes persists and accumulates, 
being inaccessible to the general cytoplasm 
with its normal complement of phosphoryl- 
ase and other enzymes in the major glyco- 
genolytic pathway. Accordingly much of the 
stored glycogen is seen by electron micro- 
scopy to be within greatly enlarged lysosomes, 
and it seems likely that the serious cellular dys- 
function encountered in Pompe’s disease is the 
result of lysosomal rupture and spilling of 
harmful hydrolases into the general cytoplasm 
of the cell. This explains most of the features of 
Pompe’s disease, namely generalised glycogen 
storage — e.g. in myocardium, skeletal muscle, 
nervous and lymphoid tissue, and peripheral 
blood leukocytes — enlargement of organs, car- 
diac failure, mental deficiency, severe muscle 
weakness and absence of hypoglycaemia. 

Other extremely rare forms of glycogen stor- 
age disease include deficiency of muscle phos- 
phorylase (McArdle’s syndrome) which results 
in abnormal accumulation of glycogen in skele- 
tal muscle and rapid muscle fatigue without 
hypoglycaemia, and deficiency of liver phos- 
phorylase which causes hepatomegaly and 
hypoglycaemia. 

Another interesting disorder is the deficiency 


of the enzyme responsible for the branching of 
the tree-like glycogen molecule during its syn- 
thesis: in this condition the stored glycogen has 
an abnormal fibrillary structure seen by elec- 
tron microscopy and is resistant to breakdown 
by phosphorylase. 

In contrast to the rare disorders described 
above in which deficiency of a particular 
enzyme satisfactorily explains most of the 
observed pathological findings, increased gly- 
cogen storage is found in many other disorders 
but the mechanisms involved are usually obs- 
cure. In diabetes mellitus utilisation of glucose 
is seriously impaired and excess of glycogen is 
deposited in cardiac muscle, in Henle’s tubules 
in the kidney, in liver cell nuclei, in poly- 
morphonuclear leukocytes and in the hydropic 
/i-cells of the pancreatic islets seen in early Type 
I diabetes (p. 1032). The glycogen content of 
skeletal muscle is, however, reduced. More 
glycogen than normal is found in polymorphs 
in acute inflammation, in recently formed pus 
and in the peripheral blood when there is a 
leukocytosis. Glycogen is abundant in embryonic 
tissues and in some malignant tumours arising 
from cells normally rich in glycogen, e.g. liver 
and renal tubular epithelium. It is particularly 
constant in clear cell carcinoma of kidney. 


Cell damage due to ionising radiation 


Because of the widespread use of radiation and 
radioactive materials in industry and medicine 
the study of their effects on living matter is 
now of great importance. Of all the branches o 
radiation biology — molecular, sub-cellular, cel- 
lular, organ and whole animal— cellular radia- 
tion biology is the most instructive in the pres- 
ent state of knowledge. This is firstly because 
the measurement of its effects on proliferation 
of cells in culture makes quantitation fairly 
easy. Secondly, it is mainly by the study and 
analysis of cellular effects that information can 
be obtained on molecular and sub-cellular pro- 
cesses in the development and repair of radiation 
damage. Thirdly, it appears that effects on whole 
organs or whole animals can often, to a first ap- 
proximation at least, be described or explained 

wtfibeiUBStra.ted below in terms of the impaired 


ability of sub-lethally irradiated cells to divide, 
although it must be emphasised that the effects 
of radiation on the individual cannot easily be ex- 
plained fully by its effects on his component cells. 

Radiation causes its effects by transferring 
energy to the substance through which it 
passes. This energy can produce two changes, 
excitation or ionisation. Excitation is a change 
in the energy state of some electrons or charged 
parts of molecules. Radiations which, like ultra- 
violet light, produce excitations only, are of 
very low penetrating power and are not dis- 
cussed in this section. Other radiations produce 
mixtures of ionisations and excitations. 

Measurement of radiation 

No widely useful and accurate biological 
method of measuring radiation dose has so far 



been developed. This is because the ultimate 
biological effects produced are very complex. 
The standard methods of measuring radiation 
dose are purely physical. The first is based on 
the application of a voltage to an air-filled 
chamber through which the ionising radiation 
passes. This voltage has the effect of separating 
the positive and negative electric charges pro- 
duced by the ionisations. The flow of these 
charges under the influence of the applied vol- 
tage constitutes a small electric current which 
can be measured with great sensitivity and 
accuracy. The unit of exposure measured by 
this method is thus based on the electric charge 
per mass of air (coulomb/kilogram) and was 
called the rontgen (R). This method ignores the 
excitations produced by the radiation, but ex- 
posure expressed in R agrees roughly with the 
absorbed dose (see below) measured in rads. 

The second method of measuring radiation 
dose is based on the measurement of the total 
energy absorbed from a beam of radiation by a 
solid material. The material must be one in 
which no radiation-produced chemical energy 
can be stored, all of it being transformed into 
heat which can be measured by sensitive calori- 
metry. The unit of absorbed dose is the gray 
(Gy), called after the British scientist who did 
fundamental work on the oxygen effect des- 
cribed below. Absorbed dose used to be expres- 
sed in units called rads. The new unit, Gy, 
equals 100 rads. 

Much research has been done on the effects 
of radiation on aqueous solutions; these are 
mediated primarily through the decomposition 
products of the water, and probably reflect the 
initial damage produced in living biological 
material. However, this initial damage has 
never been directly observed. The effects which 
are observed arc the result of an interaction, 
between the disruptive effects on the complex 
of normal biochemical processes arising from 
the initial molecular damage, and the response 
of the cell or organism in trying to overcome 
the disruption. From an analysis of these 
effects much has been learned about the nature 
of the disruption and repair, but very much 
more still remains unknown. 

Types of ionising radiation 

Ionising radiations fall into three categories; 
electromagnetic radiation, charged particles 
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and uncharged particles. The ionisation is 
caused by the charged particles — electrons, 
protons or heavy nuclei: electromagnetic radia- 
tion and uncharged particles produce charged 
particles. 

All of these radiations can be administered 
to animals and human beings externally or inter- 
nally. External sources include x-ray machines, 
electron or other charged particle accelerators, 
high activity radiation y-ray sources, neutron 
generators, nuclear reactors and atomic bombs. 
Internal irradiation arises from the ingestion of 
any of the hundreds of known radionuclides 
(radioactive isotopes) many of which are used 
for medical diagnostic or therapeutic purposes, 
for commercial non-destructive testing and for 
irradiating materials for industrial purposes; 
they are produced in nuclear reactors. The 
dosage has, in the past, been expressed as curies 
(Ci), but the modern unit is the becquerel (Bq) 
after the French scientist who discovered 
radioactivity. One Ci equals 3-7 x 10 10 Bq. 
The best known severe radiation damage from 
accidental ingestion of radioactive material is 
that produced by radium which was once used 
extensively in luminising paints. Some sufferers 
from radium poisoning have been under medi- 
cal supervision for up to fifty years and the 
effects are well documented. Today, in spite of 
strict regulations and control, occasional acci- 
dents occur in nuclear reactors, industry and 
hospitals, which result in significant radiation 
of personnel. Ionising radiation for diagnosis 
and therapy, however, has a secure and import- 
ant place in modem medicine and has been 
essential for many research purposes. 

Cellular radiation effects 

Measurement of cellular radiation effects is 
based on the survival curve, i.e. on the ability 
of cells to multiply in appropriate environ- 
mental conditions. One of the most marked 
effects of radiation is the destruction of this 
ability. The number of cells in which the ability 
survives can be readily measured by counting 
the number of clones in cultures of the irradia- 
ted cells. 

The percentage ‘survival’, that is, the per- 
centage of cells which still retain the ability to 
produce clones after irradiation, is plotted on a 
logarithmic scale and the radiation dose is 
plotted on a linear scale (Fig, 2.24). Since log 
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Radiation Dose 



Fig. 2.24 Radiation injury, showing the relation- 
ship between percentage cell survival and dose of 
ionising radiation. 

percentage survival decreases continuously with 
increasing dosage, the origin is placed in the 
top left corner of the figure. The resultant 
curve usually approximates to a straight line 
after an initial shoulder. This shoulder shows 
that an accumulation of sub-lethal damage is 
necessary before an observable effect is pro- 
duced. After sufficient dose has been given to 
reach the straight portion of the survival curve, 
no further accumulation of sub-lethal damage 
occurs. If, however, the cells are allowed to re- 
cover for some hours, it is found that once 
again a considerable accumulation of sub-lethal 
damage is necessary before the radiation effects 
are produced with maximum efficiency. It ap- 
pears that the shoulder therefore represents the 
repair process by which the cells can overcome 
some of the damage. 

The slope of the portion of the survival curve 
which is almost straight on the log-linear plot 
of Fig. 2.24 — the exponential part — represents 
the rate at which additional lethal damage is 
produced as additional dose is administered. 
The fact that this portion of the curve is almost 
straight means that, irrespective of the damage 
already created, a given amount of irradiation 
always reduces the survival by the same frac- 
tion. This kind of relationship, in which in- 
creasing dosage decreases proportionately the 
fraction of surviving cells, is indicative of an 
effect controlled by probability. In this case it is 
usually regarded as the probability of the track 
©f ionisations, produced by charged particles, 


causing damage to small discrete targets in 
individual cells. 

The available evidence suggests that, tor each 
type of radiation, no great differences exist in 
the slopes of survival curves for various types 
of mammalian cells, unless they are hypoxic 
when irradiated. The magnitude of the shoul- 
der, however, is dependent on the history, the 
environment, and the biochemical condition of 
the cells. 

Linear energy transfer effect. Survival curves 
referring to different types of radiation have 
different shapes. The reason for this is that al- 
though, for equal doses of different radiations, 
the total number of ionisations are equal, the 
geometrical distribution of these ionisations in 
the cell can vary greatly. These large variations 
in distribution have a considerable effect on the 
mean number of ionisations necessary to pro- 
duce the kind of biological damage which, after 
complex development, results in a cell losing its 
ability to continue to divide. 

Heavy charged particles moving relatively 
slowly produce dense columns of ionisations, 
while electrons produce sparse lines of ionisa- 
tions with occasional small clumps (Fig. 2.25). 




Fig. 2.25 The distribution of ionisations for high 
LET radiation (a) and low LET radiation (b). 

The average amount of energy deposited per 
micron of track of a particle or photon is called 
the linear energy transfer (LET) and can be 
used to characterise the quality of the radia- 
tion. A number of ionisations grouped closely 
together are more likely to initiate a lethal 
chain of biological events than the same 
number of ionisations widely separated. The 
dense group of ionisations also prevents the 
cellular repair mechanisms from acting effec- 
tively. Thus the survival curves for high LET 
radiation such as a-particles show no shoulder, 
and have a steeper slope than those for low 
LET radiation such as x-rays or electrons (Fig. 
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Fig. 2.26 The comparative cytotoxic effects of a- 
particles (A) and electrons (B). 


2.26). For both these reasons a dose of high 
LET radiation produces far more biological 
damage than an equal dose of low LET radia- 
tion. 

Effect of oxygen. Another factor which has a 
striking effect on survival curves is the presence 
or absence of oxygen. Oxygen has the ability to 
combine with freshly severed ends of molecular 
structures thus preventing them from rejoining, 
which they commonly do if the opportunity 
presents itself. Oxygen thus interferes with a 
natural recovery process —a different one from 
that which produces the shoulder— and causes 
a given dose of radiation to be much more 
damaging than it would be in hypoxic or 
anoxic conditions. The ratio of the doses re- 
quired to reduce the survival to the same level 
in anoxic and normal conditions is called the 
oxygen enhancement ratio (OER) (Fig. 2.27). 

There arc many other radio-sensitisers and 
radio-protectors which affect different levels of 
recovery and repair processes. Estimation of 
the biological damage produced by a given 
dose of radiation must therefore take into ac- 
count both the type of radiation, the environ- 
ment in which it is administered and the time 
allowed for repair and recovery. 

Tissue radiation effects 

The effect of radiation in destroying the ability 
of cells to continue dividing has been discussed 
above in relation to individual cells. It is im- 
portant because it plays a major part in causing 
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Fig. 2.27 The effect of oxygen on the cytotoxic 
effect of x-irradiation. A, high oxygen tension; B, 
low oxygen tension. 

tissue effects. Cell function which is not related 
to mitosis and division is relatively insensitive 
to radiation. Much higher doses of radiation 
are required to produce gross changes in such 
function than are required to inhibit cell 
division. Hence the typical radiation effect on 
tissues arises from an inhibition of division. 

Tissues whose cells are undergoing continu- 
ous controlled division, and whose integrity 
requires a continual flow of new cells, are there- 
fore the first tissues to show the effects of 
radiation. The most obvious are the skin, the 
intestinal tract, the bone marrow and the im- 
munity system. Similar considerations apply to 
the therapeutic use of radiation for malignant 
tumours, in which there is excessive division of 
cells. The initial effect upon a tissue is a reduc- 
tion in cell numbers as the supply of new cells 
falls below the normal rate. The drop in cell 
numbers leads via homoeostatic feedback mech- 
anisms to a build up of the population of 
viable stem-cells from which new cells are pro- 
duced, and to an increase in the rate of cell 
division. If this compensation is successful, 
then in due course enhanced production of cells 
not only restores the depleted population but 
commonly results in a temporary hyperplasia 
or overshoot before the cell numbers return to 
normal (Fig. 2.28). The inflammatory response 
to trauma follows injury by irradiation and 
commonly results in permanent structural 
changes, e.g. fibrosis (see p. 38). 

The fall, rise, overshoot and return to 
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Fig. 2.28 Changes in the numbers of reticulocytes 
in the blood following 2 Gy whole-body irradiation. 


normal of the cell populations exhibiting such 
behaviour after irradiation can be understood 
and explained in cellular terms if the appro- 
priate homoeostatic feedback mechanisms arc 
known. The normal cell turnover controls the 
rate at which the cell population falls following 
irradiation. The extent of the fall depends on 
the percentage of surviving cells and the rate at 
which they can divide. 

If the cell population of a tissue falls below a 
critical value the tissue can lose its functional 
effectiveness. In the cases of the intestinal tract 
and the bone marrow the result is death of the 
individual. A rapidly administered x-ray dose 
of about 8 Gy to the bone marrow and 12 
Gy to the intestinal tract reduces the number 
of surviving cells to such low levels that the 
delay before an adequate production of cells 
can be re-established is long enough to allow 
the cell population to fall below the critical 
value. 

The cells whose reproductive ability has been 
destroyed by the irradiation often remain in the 
tissue for some time. Their abortive attempts to 
divide or prepare to divide can produce gross 
abnormalities in cytological appearance (Fig. 
2.29). Toxic products of cell disintegration can 
increase the damage. However, the damaged 
cells are no longer directly relevant to the 
course of events leading to permanent damage 
or repair. This course is determined by the 
munber of surviving cells still capable of div- 
iaoq and by the kinetics of proliferation in the 
tissue. Ultimately, however, if a large enough 
dose is given (about 18 Gy in a single exposure) 
a tissue condition described as the Emit of toler- 
titise b reached^ Although the nature of this is 
not understood, it is the determining factor for 
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Fig. 2.29 Changes in the sub-epithelial connective 
tissue of the tongue following irradiation therapy for 
an epithelial tumour six years ago. Note the abnor- 
mally large connective tissue cells, one of which is 
binueleate. x 340. 

radiotherapy, and represents an accumulation 
of permanent, irreparable damage. 

Tissues whose cells are long-lived and there- 
fore are not normally dividing show very little 
effect after doses of several grays. Damage has 
been done, however, and becomes apparent if 
the cells are stimulated to divide, even after 
long intervals of time (Fig. 2.30). Examples of 
such tissue arc the adult liver, adult thyroid 
and long-lived lymphocytes. Again the major 
effect is that many of the cells are unable to 
divide successfully when called upon to do so. 

Radiation damage to the gonads may lead to 
infertility due to impairment of germ cell 
division. Errors also occur in copying the base 
sequence of DNA in the germ cells, the number 
of errors — mutations-- being related to the 
radiation dosage as shown in Fig. 2.31. A given 
dose of radiation insufficient to cause infertility 
gives rise to the same total number of muta- 
tions irrespective of the number of individuals 
among whom it is distributed. As a corollary 
there is no ‘safe’ level of background radiation. 
It is known that radiation induces the develop- 
ment of malignant tumours, (p. 301) possibly 
by causing mutations in somatic cells (p. 319). 

Microscopic appearances. Following a sub- 
stantial dose of radiation there is a latent inter- 
val of hours or days before histological evidence 
of tissue injury is seen. As already explained, the 
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Fig. 2.31 The effect of dosage of radiation on 
mutation rate in mice. As the dose is increased, the 
mutation rate rises (dotted line), but the survival rate 
diminishes (interrupted line). The incidence of muta- 
tion-dependent abnormality, in this case leukaemia, 
is dependent on mutation and survival rates, and is 
shown by the continuous line. 

damage depends on the dose and type of radia- 
tion, on the interval following exposure and on 
the tissue exposed. Early changes in the skin 
include dilatation of blood vessels and other 
signs of acute inflammation and these reflect 
acute tissue injury. With a single dose of 15 Gy 
mitotic activity of the basal cells is arrested, 
with subsequent loss of the epidermis and epi- 
lation. The walls of the dermal vessels are in- 
filtrated with fibrin; later a characteristic conc- 
entric proliferation of intimal fibrous tissue is 
seen (endarteritis obliterans), followed by re- 
placement with dense homogeneous (hyaline) 
collagen (Fig. 2.32). Large bizarre fibrocytic 



Fig. 2.32 A small artery occluded by hyaline fib- 
rous tissue following radiotherapy. (Same case as in 
Fig. 2.29.) x 126. 


nuclei arc present in the dermal connective 
tissue (Fig. 2.29). With repeated exposure to 
radiation the dermal collagen becomes very 
dense and there is a tendency for the dermal 
fibrous tissue to become necrotic even years 
after exposure; persistent melanin pigmentation 
and vascular dilatation arc also noted. Com- 
parable changes found in other tissues follow- 
ing irradiation are described later in the ap- 
propriate chapters; the detailed findings 
depend, of course, upon the radio-sensitivity of 
the various types of tissue present, their turn- 
over of cells and potential for cell multiplication, 
and the architectural features of the tissue. 


Atrophy 


By atrophy is meant diminution in size of a cell 
or reduction in the essential tissue of an organ 
due to decrease in the size or numbers of its 
specialised cells. Pathological atrophy has its 
prototype in the physiological atrophy of old 
', 3 ge, which affects all the tissues* arid notably 
koras* lynaphoid tissue and the sexual 
and although some of the changes 


occurring in old age are the result of atrophy of 
the gonads, this atrophy in its turn cannot be 
explained. The cause of senile atrophy is of 
course merely part of the larger question of 
what limits the duration of life. Atrophic 
specialised epithelial cells tend to lose their 
special features and to become de-differenti- 
ated, as may be seen in local atrophic changes 
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in the liver and kidneys. Senile atrophy is com- 
monly accompanied by accumulation of the 
yellowish-brown pigment lipofuscin and the 
term brown atrophy is then applied. As already 
indicated (p. 23) lipofuscin represents indigest- 
able lipid which forms residual bodies and is 
often the product of cellular autophagia. 

An organ may be undersized as the result of 
imperfect development, and the term hypo- 
plasia is then applied; for example, the hypo- 
plasia of the genital glands which results from 
deficiency of the pituitary secretion in early 
life. 

Causes of atrophy 

1. Defective nutrition. This may be produced 
locally by arterial disease interfering with the 
blood supply to a part, when the reduction is 
not so severe as to cause necrosis. The function- 
ing parenchymatous elements of the tissue then 
undergo atrophy, and sometimes there is also a 
concomitant overgrowth of fibrous tissue. This 
is often seen in the myocardium (Fig. 15.5, p. 
402) and in the kidneys, in which small atro- 
phic depressions result from narrowing of the 
lumina of the small arteries. General atrophy is 
seen in cases of starvation; emaciation depends 
chiefly upon utilisation of the fat of the adipose 
tissue but there is also a general wasting of the 
tissues. The various organs may thus diminish 
in weight, the liver and spleen are markedly 
affected, the kidneys and heart to a less though 
distinct degree, whilst the central nervous 
system is only slightly affected. In most cases of 
wasting disease, however, such as malignant 
tumours of the alimentary tract, chronic tuber- 
culosis or suppuration, other ill-defined factors 
appear to contribute to the wasting. Various 
other forms of cellular damage and diminished 
cell production may thus come to be associated 
with atrophy; secondary anaemia, for example, 
is present, although slight or absent in wasting 
due to starvation alone. The term cachexia is 
often applied to a combination of wasting, 
anaemia and weakness. 

2. Diminished functional activity. It is a gen- 
eral law that diminution in the catabolic pro- 
cesses leads to reduced anabolism and thus to 
diminution in the size of cells. When the func- 
tion of a part is in abeyance the blood supply 
also diminishes. Disuse atrophy, as it is some- 
times called, is seen when a gland, for example, 


the pancreas, has its duct obstructed; its func- 
tional activity is thus stopped and the exocrine 
glandular tissue undergoes atrophy. The 
muscles responsible for operating a joint which 
has been immobile for some time undergo 
marked atrophy and the bones also are affected. 
Unless such atrophy has become extreme it is 
reversible and full functional activity may be 
restored. 

3. Interference with the nerve supply. This 
form of atrophy is seen where there is any de- 
structive lesion of the lower motor neutrons or 
their axons. In this type, neuropathic atrophy, 
there is not only a simple wasting, but also 
more active shrinkage of the muscle tissue (Fig. 
23.68, p.935). For at least a few weeks after 
nerve section, during which the muscle fibre 
mass may be reduced by half, anabolic proces- 
ses take place at a normal rate: catabolism due 
to increased lysosome numbers and activity is 



Fig. 233 Tibia from a longstanding case of 
poliomyelitis, showing marked atrophy (left). 
Normal tibia for comparison (right). xO-3. 
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greatly accelerated. That this form is different 
in nature from disuse atrophy is shown by the 
electrical ‘reactions of degeneration’ which are 
given by the muscles and indicate that a com- 
plete return to normal is no longer possible. 
Sometimes marked atrophy occurs also in the 
bones of paralysed limbs; for example, in cases 
of poliomyelitis the bones of the limb may 
become thin and light, and this appears to be 
due simply to inactivity (Fig. 2.33). In some 
forms of inherited muscular atrophy, however, 
no nerve lesion is present and the terms primary 
myopathy or muscular dystrophy are often ap- 
plied (p. 933). 

4. Deficiency of endocrine glands. Atrophy of 
thyroid, gonads and adrenal cortex are seen 
when destruction of the pituitary results in 
diminished secretion of trophic hormones. In 
hypothyroidism there occurs marked atrophy 
of the structures of the skin, hair follicles, sweat 
glands and sebaceous glands, but structure and 
function may be restored by oral administra- 
tion of thyroid hormone. 


Metaplasia 

An interesting cellular response to injury is the 
phenomenon of metaplasia — the trans- 
formation of one type of differentiated tissue 
into another. An example is provided by the 
surface epithelium of the bronchi which 
commonly changes from the normal ciliated 
pseudostratified columnar type to squamous 
(Fig. 2.34). In this example it appears that 
chronic injury or irritation, often due to 
cigarette smoke, results in adaptive changes in 
the surface epithelium to a type likely to be 
more resistant to the cause of the irritation. 
Similarly stratified squamous epithelium ma y 
form as a result of chronic irritation in the 
mucous membrane of the nose, salivary ducts, 
gallbladder, renal pelvis and urinary bladder. 
In some cases the injurious stimulus is apparent, 
e.g. when there is a stone in the renal pelvis or 
in cases of extroversion of the urinary bladder, 
White in Others the. cause is obscure. In vitamin 
'A, deficiency, in addition to xerophthalmia, 
stratified squamous epithelium may replace the 
teanational and columnar epitheka of nose. 


5. Fever. A good example of atrophy is pro- 
vided by wasting of the muscles in fevers. No 
doubt inactivity and loss of appetite play a 
part, but the wasting is probably due mainly to 
utilisation of proteins, as is indicated by the 
increased excretion of nitrogen. This increased 
protein catabolism is characteristic not only of 
fever but also follows severe trauma such as 
fractures or major surgical operations. Other 
tissues may suffer atrophy in a corresponding 
way, but in the parenchymatous organs other 
expressions of cellular injury are more 
common. 

6. Pressure atrophy is also described. The 
pressure acts mainly by interfering with the 
blood supply and also with the functions of a tis- 
sue. Thus atrophy of the organs may be brought 
about by the pressure of benign tumours and 
cysts. When bone is subjected to pressure there 
is active absorption by osteoclasts. 

Examples of atrophy are provided in the 
later chapters on diseases of the different sys- 
tems. 


tory epithelia of the lacrimal and salivary 
glands. In auto-immune chronic gastritis, in 
which there is an immunological attack on 
the mucosa of the fundus of the patient’s 
own stomach, the specialised surface-lining 
cells and chief and parietal cells of the gastric 
glands are often replaced by tall columnar cells 
with striated borders, goblet cells and Paneth 
cells, i.e. metaplasia to an intestinal type of 
mucosa. 

In the connective tissues, metaplasia occurs 
between fibrous tissue, myxoid tissue, bone and 
cartilage. Bone formation occasionally follows 
the deposition of calcium salts in such tissues as 
arterial walls (Fig. 2.35), bronchial cartilage 
and the uveal tract of the eye. In healing frac- 
tures cartilaginous metaplasia may occur es- 
pecially when there is undue mobility. The flat- 
tened serosal endothelium of the rabbit pleural 
cavity becomes cubical, columnar, transitional 
or even squamous following injection of the 
dye Sudan III with sodium cholate in olive oil 
and the lining of adjacent alveoli also becomes 
cubical or columnar. Similar changes, which 




are rapidly reversible, follow the injection of 
strontium chloride. 

Metaplasia is to be distinguished from a 
mere loss of the special characters of cells, for 
example the dedifferentiation which is encoun- 
tered when there is interference with the func- 
tion of glands. Developmental epithelial abnor- 
malities, e.g. squamous epithelium within the 
thyroid, arising from the thyroglossal duct, do 
not constitute metaplasia, nor does encroach- 
ment of one tissue upon another. Thus the fatty 
marrow of the long bones is replaced in certain 
types of anaemia by red haemopoietic marrow: 
in this case the haemopoietic tissue has spread 
by proliferation of haemopoietic stem cells and 
not by metaplasia of the adipose tissue cells ori- 
ginally present. 

It is believed that all nucleated cells carry a 
complete list of the genetic information re- 
quired for bodily development, including all 
types of cellular differentiation and function, but 
little is yet known about the factors which de- 
termine the differentiation of cells in an orderly 


manner to form the various tissues. The way in 
which the many different stimuli producing 
metaplasia act within the cell is correspond- 
ingly obscure. It seems likely that a change in 
gene .repression and activation takes place in 
serosal endothelium when it undergoes meta- 
plasia to squamous epithelium. By contrast, in 
surfaces lined by columnar epithelium, meta- 
plasia may result from gradual atrophy of the 
columnar cells and proliferation and matura- 
tion of the less well differentiated basal or re- 
serve cells to form squamous epithelium. It is 
noteworthy that many stimuli which bring 
about metaplasia are also capable of inducing 
neoplasia, arid indeed tumour formation is rela- 
tively common in some metaplastic epithelia; 
conversely metaplasia is frequently encountered 
in malignant tumours. Indeed metaplasia may 
represent a cellular change in response to in- 
jury intermediate between the kind we have 
been considering earlier in this chapter 
and that which underlies the development of 
tumours. 
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Inflammation 


Definition and nature of due to changes in the small vessels and, because 

inflammation it includes the escape of blood constituents into 

the tissues, it is commonly termed exudative. 
Inflammation may be defined as a series of When the tissue injury has been slight and 
changes which take place in living tissue follow- brief, the exudative inflammatory reaction is 
ing injury. While commendably brief, this defini- correspondingly mild and soon subsides, 
tion is useless without qualification. We have However, if the injury persists, the exudative 
seen in Chapter 2 how tissue cells may be in- inflammatory reaction can continue for months 
jured, i.e. rendered abnormal, in many ways, or even years, as in some persistent bacterial 
and how the effects may range from pathologi- infections, and it is therefore wrong to equate it 
cal storage of metabolites to neoplasia. These solely with acute lesions, i.e. those having a 
are not examples of inflammation, and so it is short course. 

necessary to qualify both the type of injury and A second type of inflammatory response, 
the nature of the changes resulting from it. sometimes called productive or formative (to 
The injury which causes inflammation may be distinguish it from exudative) inflammation, is 
brought about by: ( 1 ) physical agents, such as characterised by proliferation of fibroblasts 
excessive heating or cooling, mechanical and production of new fibrous tissue. This 
trauma, ultraviolet or ionising radiations; (2) a occurs particularly in prolonged tissue injury 
wide variety of chemical agents, both inorganic and so is seen especially in chronic inflamma- 
and organic, and including the toxins of vari- tion. in some instances, both exudative and 
ous bacteria; (3) the intracellular replication productive reactions are conspicuous, butjn 
of viruses; (4) hypersensitivity reactions, i.e. the prolonged low-grade iniurv. fi bro us tissue for- 
rcaction of antibody or sensitised lymphocytes m ation is often the mo re prominent . At first, 
with antigenic material such as invasive bac- the younglibrous tissue is highly vascular, soft 
teria or inhaled organic dusts; and (5) necrosis and gelatinous, and is known as granulation 
of tissue, which induces inflammation in the tissue. As it ages, it becomes less vascular, pro- 
surrounding tissue. gressively more collagenous, and is thus grad- 

A very important cause of inflammation is ually converted to pale, dense scar tissue. 
microbial infection. As indicated above, bac- Tire present account follows tradition in 
teria produce harmful toxins, viruses injure the using the terms ‘acute inflammation’ and 
host cells which they colonise. andTafl tvoesof _ ‘acute inflammatory reaction’ for the exudative 
micro-org anisms may induce hypersensitivity process, and ‘chronic inflammation’ for persis- 
reac ti ons By the host * tent inflammatory lesions, in which fibrous 

““ The main features of inflammation. When an tissue formation is a prominent feature. It 
appropriate injury, such as excessive heat, is must, however, be emphasised that the two 
applied to living tissue, an acute inflammatory types of reaction commonly occur together, 
reaction develops. The small vessels in the vici- Leukocytes migrate from the blood vessels 
nity of the injury become engorged with Wood into the tissues in both acute and chronic in- 
which at first flows rapidly but gradually slows flammation: in the former neutrophil poly- 
down. Protein-rich fluid and red cells and sub- morphs usually predominate, while in the latter 
sequently leukocytes escape from the engorged lymphocytes, plaisma cells and monocytes are 
vessels into the tissue spaces. This reaction is often more conspicuous. 
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The inflammatory nature of a lesion is 
usually indicated by the use of the suffix -itis. 
Thus inflammation of the appendix is appen- 
dicitis, inflammation of the meninges, menin- 
gitis, and so on. 

Inflammation is usually beneficial. It is essen- 
tial in combating various infections and in 
limiting the harmful effects of toxic compounds. 
Like other beneficial processes, it is not without 
disadvantages: for example, in acute bacterial 
infection of the larynx there may be sufficient 
inflammatory swelling to obstruct the airway 
and even to cause death from asphyxia, and 
inflammatory reactions caused by hypersensi- 
tivity to harmless substances, as in hay fever. 


appear entirely disadvantageous to the host. 
Fibrous tissue formed in chronic inflammation 
may help to wall off bacteria or harmful com- 
pounds such as silica particles, but it may also 
cause disability by distorting and compressing 
important structures. Inflammatory fibrosis of 
a hollow viscus, such as the intestine, may 
cause narrowing of the lumen, and fibrosis 
occurring in any tissue can constrict blood ves- 
sels, nerves, ducts, etc. 

This chapter deals with the acute inflamma- 
tory reaction, the mechanisms involved in its 
production and its effects, the special features 
of chronic inflammation, and the types of cell 
involved in inflammatory reactions. 


The Acute Inflammatory Reaction 


Acute inflammation has been recognised since 
the earliest days of medicine. Celsus (30 B.c. to 
a.d. 38) gave as its cardinal signs heat, redness, 
swelling and pain, to which may be added limi- 
tation of movement, e.g. of an inflamed limb. 
The explanation of these features has been pro- 
vided by microscopic studies, which have re- 
vealed that the inflammatory reaction is com- 
posed of a number of phenomena, all of which 
involve the small blood vessels in the inflamed 
tissue. These phenomena were described by 
Cohnheim (1889) who observed micro- 
scopically the changes in the living transparent 
tissue of the frog’s tongue and foot-web during 
inflammation caused by mechanical injury or 
chemical irritation. His superb account is a 
model of accurate observation and the changes 
he described have since been confirmed by 
others in mammalian tissues following thermal 
or chemical injury. They are as follows. 

(a) Active hyperaemia. Immediately after 
thermal or chemical injury there is a transient 
blanching of the tissue due to arteriolar con- 
traction. This effect, which is not of practical 
importance, is followed within a few minutes 
by relaxation of the arterioles in and around 
the injured tissue, so that the capillary network 
and post-capillary venules become engorged 
(Fjg. 3:1) with rapidly flowing blood ( active 
hyperaemia), This accoUnts for the redness (ery- 
thema) of the inflamed, tissue, and whep the 
normally cord skin is involved the increased 


flow of blood warms it up and so explains the 
heat of inflammation. 

(b) Exudation. Following the onset of active 
hyperaemia, protein-rich fluid (the in- 
flammatory exudate) escapes from the blood 
vessels into the surrounding tissues and is 
largely responsible for the swelling (inflam- 
matory oedema). 

The pain of acute inflammation is due partly 
to the rise in tissue pressure resulting from in- 
flammatory oedema; this accounts also for the 
relative immobility, for the oedema increases 
the rigidity of the tissues and movement further 
increases the pressure and thus aggravates the 
pain. Palpation has a similar effect and this 
explains why inflamed tissues are often exquis- 
itely tender. The original injury (heat, chemi- 
cals, etc.) may also be directly painful and, as 
described later, a number of pain-inducing 
endogenous compounds (histamine, kinins, 
prostaglandins, etc.) are released in acute 
inflammation. 

(c) Slowing of the blood flow. The microcircu- 
lation remains engorged but the blood flow, at 
first rapid, becomes progressively slower, with 
even momentary arrests in some of the small 
vessels. 

(d) Emigration of leukocytes. Phagocytic leu- 
kocytes, at first neutrophil polymorphs and 
later monocytes, adhere to the endothelium of 
venules and migrate through the vessel walls 
into the tissue spaces (Fig. 3.1). 
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Fig. 3.1 Surface \ iew of stained preparations of guinea-pig omentum showing the normal appearances {left) 
and acute inflammation {right). Note engorgement of the small vessels with blood and infiltration of the 
tissue with neutrophil polymorphs, x 300. 


The time of onset, intensity and duration of 
each of these phenomena vary considerably 
depending on the type and severity of their 
causal injury. The reaction to thermal bums 
and many irritating chemicals is almost im- 
mediate: as sunbathers learn to their cost, in- 
flammation of the skin due to excessive ultra- 
violet irradiation is delayed for several hours, 
while with ionising radiations, e.g. x-ray, acute 
inflammation may develop up to a week later. 


The features of the inflammatory reaction to 
microbial infections vary greatly depending on 
the properties of the microbes and on the host- 
parasite relationships. 

The major phenomena of acute inflamma- 
tion will now be described in more detail, not 
only because of their fundamental importance, 
but also because elucidation of their mech- 
anisms is essential to the advancement of ration- 
al therapy. 


Active hyperaemia 


Normal microcirculatory control 

The flow of blood through a tissue is controlled 
mainly by changes in the tone of the circular 
smooth muscle of its arterioles. This is regu- 
lated in part by the autonomic nervous system, 
and especially by the sympathetic adrenergic 
vasoconstrictor nerves, which maintain arterio- 
lar tone and are largely responsible for con- 
trolling the blood pressure, the cardiac output, 
and to some extent the distribution of blood 
flow among the various tissues. Superimposed 
on this overall control are local factors deter- 
mined by the conditions in individual tissues. 
Thus when an organ or tissue is in a resting 
state of low metabolic activity, many of its 
arterioles are contracted and blood flow is dim- 


inished. When local metabolism increases, for 
example in the gastric mucosa after a meal, or 
in an exercising muscle, accumulated metabol- 
ites act directly on the arterioles, causing them 
to relax and the consequent rise in pressure of 
blood reaching the capillaries causes them and 
their draining venules to become engorged with 
rapidly flowing blood. This engorgement or 
congestion, due to the rise in pressure of blood 
entering the capillaries, is termed active hyper- 
aemia to distinguish it from the congestion due 
to a rise in venous pressure (passive hyper- 
aemia) which occurs in other conditions and is 
not accompanied by an increase in blood flow. 

Although the arterioles and venules are greatly 
dilated in active hyperaemia, the size of capillaries 
is restricted by their basement membrane: their 
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diameter is approximately 5-8 fim and in active 
hyperaemia they become conspicuous not so 
much by dilatation but because they are filled 
with whole blood, whereas in the resting tissue 
state most of them contain slowly flowing 
plasma with few cells. 

In most tissues, the capillaries form an anastomos- 
ing network providing routes of various lengths 
between arterioles and venules. The individual 
entrances to the network are the terminal arterioles , 
which do not anastomose, and which are the smallest 
vessels controlled by smooth muscle cells: they func- 
tion as pre-capillary sphincters and determine the flow’ 
of blood through individual capillaries. It is prob- 
able that, in resting tissues, the pre-capillary sphincters 
are so adjusted that blood flows mainly through the 
shortest capillary routes— the so-called thoroughfare 
channels— in accordance with the needs of general 
circulatory control: the pre-capillary sphincters 
guarding the longer capillary routes are contracted, 
and most of the capillaries contain only plasma. 

The engorgement and rapid flow of active hyper- 
aemia are brought about mainly by relaxation of the 
arterioles, including most of the pre-capillary sphinc- 
ters. The capillaries themselves are not contractile 
and so the amount of blood passing through them 
depends on the state of the arterioles. 

The active hyperaemia of acute 
inflammation 

This is a local phenomenon and is due to pre- 
dominance of local factors over the general 
system of arteriolar control. As in physiological 
activity (see above), the arterioles relax and 
active hyperaemia results. The mechanism of 
the arteriolar relaxation is unknown and is dif- 
ficult to investigate. Either endogenous media- 
tors or neural factors must be involved, for the 
active hyperaemia extends beyond the im- 
mediate site of injury. 

In his classical experiments, Lewis (1927) provided 
evidence for both chemical endogenous mediators 
and neural factors. He induced mild inflammation in 
the skin of the human forearm by firm stroking with 
a blunt point or by mild thermal injury and observed 
three components in the inflammatory response, 
namely a flush (erythema at the site of injury), a 
flare (erythema of the surrounding skin) and a weal 
(swelfiiig due tp inflammatory oedema). Lewis 
showed that the flush was prolonged by applying a 
tourniquet to the arm and considered that it was due 
■( Jd papillary dilatation induced by a chemical endo* 
J^ediator, removal of which was dependent on 


blood flow. He showed that the erythema caused by 
a local injection of histamine was prolonged by a 
tourniquet and called his hypothetical mediator 4 H ’ 
substance. In subjects with nerve injuries, Lewis 
showed that the flare could be elicited for up to ten 
days after severance of the sensory nerve to the part, 
but not later. Accordingly he postulated that the in- 
flammatory stimulus (firm stroking or thermal 
injury) triggered off an axon reflex which induced 
the flare by causing relaxation of the arterioles in the 
surrounding skin (Fig. 3.2). 



Fig. 3.2 Diagram of peripheral end of sensory 
nerve fibre with vasodilator axon branch. .Stimula- 
tion of sensory nerve ending in the skin results in an 
anti-dromic reflex along the vasodilator branch, with 
resulting arteriolar dilatation. Section of the nerve 
fibre at A does not abolish this reflex until the fibre 
distal to A has degenerated. 

It is now known that acute inflammation 
occurring in long-dencrvated tissues presents 
all the usual features and so neural factors 
clearly play no essential role: it is thus likely 
that Lewis’s postulated axon reflex is not of 
much practical importance. His work did. 
however, stimulate considerable interest in the 
role of endogenous chemical mediators in the 
acute inflammatory reaction, and an ever-in- 
creasing number of endogenous compounds 
capable of inducing one or more features of 
acute inflammation has since been detected in 
inflammatory lesions. The list of possible endo- 
genous chemical mediators of inflammatory 
hyperaemia includes histamine, 5-hydroxy- 
tryptamine, kinins, prostaglandins, products of 
activation of the complement system, fibrin 
degradation products and various other 
polypeptides. These and other vaso-active 
agents can all induce hyperaemia: what is in 
doubt is their relative importance in the natural 
process. To complicate matters further, most of 
them are capable also of inducing exudation 
(escape of protein-rich fluid from the small 
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blood vessels) and yet the hyperaemia and exuda- 
tion of inflammation do not closely parallel one 
another cither in their timing or in their degree. In 
inflammation produced in the skin by sunburn, 
for example, exudation may only occur during a 
short part of the period of hyperaemia. 

Changes in blood flow 

The rapid blood flow of active hyperaemia is 
readily explained by the increased hydrostatic 
pressure of blood in the microcirculation re- 
sulting from arteriolar relaxation. 

Slowing of the blood flow. This supervenes 
gradually until, in some vessels, there may be 
temporary stasis of blood. In severe inflamma- 
tion, stasis may be prolonged and clotting may 
occur. Several factors contribute towards the 
slowing of the blood flow through inflamed tis- 
sues (Fig. 3.3). Firstly, active hyperaemia re- 
sults in loss of fluid from the blood in capillaries 
and post-capillary venules, and the concentra- 
tion of cells in the blood is thus increased. 
Secondly, although the exudate is rich in pro- 
tein, loss of fluid is so great that there is an 
increase in the local concentration of the plasma 
proteins. Both of these changes increase the 
viscosity of the blood locally. Thirdly, the in- 
creased protein concentration of the plasma and 
slowing of blood flow result in aggregation of 
the red cells in rouleaux, with so-called sludging 
of the blood, and this further increases viscos- 
ity. A fourth factor which impairs the blood 
flow is the adhesion of leukocytes to the walls of 
post-capillary venules. Not only do the leuko- 



Fig. 3.3 The causes of slowing of the blood flow in 
acute inflammation. Loss of intravascular fluid 
(arrows) results in haemoconcentration, with consequ- 
ent increase in blood viscosity. Increase in plasma 
protein concentration promotes rouleaux formation 
by the red cells, further increasing blood viscosity, 
while pavementing of polymorphs in the venules, to- 
gether with rouleaux formation, partially blocks the 
venules. (Modified after Dr Roe Wells; see Zweifach, 
1973-4.) 

cytes adhere to the endothelium but also to 
one another, and considerable reduction in the 
effective lumen of venules may result. 

Slowing of the blood flow will tend to impair 
the supply of oxygen, glucose, etc., to the 
tissues, and also the removal of metabolites, 
but these effects are diminished by the in- 
creased flow of fluid from the plasma into the 
tissues and increased lymphatic drainage (see 
below). It is only when the vascular stagnation 
is extreme that it is likely to impair tissue nutri- 
tion seriously and contribute to the necrosis 
which is commonly observed in severe in- 
flammatory reactions. Such necrosis is more 
likely to result directly from the injury which 
has induced the inflammatory response, e.g. 
bacterial toxic action, thermal injury, etc. 


Exudation of protein-rich fluid 


Microscopic examination of inflamed tissues 
reveals an accumulation of extracellular fluid, 
i.e. interstitial oedema (Fig. 3.4). This can only 
have come from the blood plasma, and since it 
has been shown that the amount of fluid drain- 
ing away from inflamed tissues by the lym- 
phatics is also greatly increased, there is ob- 
viously a considerable rise in the net amount 
of fluid leaving the blood vessels. As illustrated in 
Fig. 3.5, the inflammatory exudate is also much 
richer in plasma proteins than is normal ex- 


tracellular fluid (transudate) in the same tissue, 
indicating increased permeability of the vessels 
to macromolecules. These two features of ex- 
udation — increased loss of intravascular fluid 
and of plasma proteins — are best considered 
separately, for the factors involved in the pas- 
sage of water and small solutes across the walls 
of raierovessels, in both normal and inflamed 
tissues, differ from those concerned in the 
escape of molecules as large as the plasma pro- 
teins. 
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Fig. 3.4 Meso-appendix in acute appendicitis, 
showing inflammatory oedema with early leukocytic 
emigration, x 100. 


Escape of water and micromolecular 
solutes 

In all tissues the capillaries and post-capillary 
venules are readily permeable to water and 
micromolecular solutes. For molecules above a 
molecular weight of 10 000 daltons, the per- 
meability decreases sharply with molecular size, 
and molecules greater than 40 000 escape from 
the plasma in relatively small numbers. This 
applies particularly to the vessels in skeletal 
muscles, central nervous system, dermis and 
other connective tissues. In the liver, intestinal 
mucosa, exocrine and endocrine glands and the 
glomeruli, macromolecules escape more readily 
but still much less so than do micromolecules. 

Our understanding of the mass movement of 
tyhter and small solutes between plasma and 
.. extravascular fluid is bused upon (a) the obser- 
i;', Wtijpas -of Starling and of Landis on micro- 
< , mid (b) morphological considerations. 



Fig. 3.5 Acute inflammation of the lung in pneu- 
monia. The exudate, which fills the alveoli, is rich in 
plasma proteins, and this is illustrated by the fine 
network of fibrin (stained black) which has resulted 
from the clotting of exuded fibrinogen. (Weigcrt’s 
fibrin stain.) x 1 50. 

(a) Microfiltration theory 

Starling (1896) proposed that the vascular 
endothelium behaves like a passive microfilter, 
across which the movement of fluid and elec- 
trolytes is determined by physical forces. On 
this theory the main force driving fluid out of 
vessels is the height of the hydrostatic pressure 
within the vessels above that in the extravas- 
cular space, and this is opposed by the height 
of the osmotic pressure of the plasma above 
that of the extravascular fluid. Thus at the 
arteriolar ends of capillaries the effective hy- 
drostatic pressure would normally exceed the os- 
motic pressure and fluid should be forced out. 
At the venular ends of capillaries the osmotic 
pressure would exceed the hydrostatic pressure 
and fluid should be drawn into the capillary 
(Fig. 3.6). This theory received direct support 
from the work of an American medical student, 
Landis (1927), who devised techniques of meas- 
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Fig. 3.6 Exchange of fluid across the walls of 
capillaries and venules. H and 0 represent the 
heights of the hydrostatic and osmotic pressure re- 
spectively (mntHg) of the plasma above the corre- 
sponding pressures of the extravuseular space. The 
arrows indicate the net movement of fluid into and 
out of the vessels along their length. Upper figure, 
normal tissue: fluid movement across vessel walls 
approximates to equilibrium. Lower figure, acute 
inflammation: much more fluid leaves the vessels 
than returns to them. 

The values of H and O are approximations. In in- 
flammation, H may be less than indicated because of 
rise of pressure in the extravascular space, and O will 
also be reduced by escape of plasma proteins into 
the inflammatory exudate. 


uring the hydrostatic pressure in individual 
small vessels, and of calculating the rate of dif- 
fusion of fluid into and out of the vessels. 
Landis showed that when inflammation was 
induced in the frog mesentery there was a rise 
in the hydrostatic pressure within the micro- 
circulation which upset the balance between 
hydrostatic and osmotic forces, with a resultant 
net loss of fluid from the vessels. The escape of 
plasma proteins from inflamed vessels will tend 
to reduce the osmotic pressure difference be- 
tween plasma and extravascular fluid and this 
may be sufficient to accentuate the loss of 
fluid (Fig. 3.6). These findings have now been 
confirmed in normal and inflamed mam- 
malian tissues and, while Starling’s views 
have required to be modified in detail to take 
account of the fluid exchange function of the 
post-capillary venules, his major suggestion 
— that the walls of small vessels behave like 
a passive filter through which the exchange 
of fluid is determined by opposing haemody- 
namic and osmotic forces-~ins been widely 
accepted. 
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(b) Morphological evidence 

Acceptance of Starling’s microfiltration theory 
and subsequent studies have suggested the 
existence, in the walls of microvessels, of a 
physiological system of small ‘pores’ of sufficient 
size to allow the escape of water and electro- 
lytes, but impermeable to proteins and other 
macromolecules (Pappenheimer et al., 1951). 

There is strong evidence that the basement 
membrane of small vessels does not form a bar- 
rier to water or small molecular solutes and the 
effective filter thus appears to be in the endo- 
thelial layer. Electron microscopy of vascular 
endothelium suggests two possible routes of 
fluid transport across the endothelium. Firstly, 
endothelial cells contain small cytoplasmic ves- 
icles ( micropinocytotk vesicles), some of which 
open onto the inner or outer surface of the cell 
(Fig. 3.7). Simionescu et al. (1975) have shown 
that these vesicles may link up to form channels 
across the cytoplasmic barrier, through which 
peptides of below 2000 daltons are capable of 
passing. Constrictions in these channels may 
represent the small pores of the endothelial 
microfilter. 

Secondly, fluid may escape between endo- 
thelial cells. Electron microscopy shows endo- 
thelial cell ‘junctions’ to be potential spaces 
containing amorphous material (Fig. 3.8). 
These spaces show constrictions which may act 
as the endothelial small pores. 



Fig. 3.7 Electron micrograph of part of a normal 
capillary endothelial cell in which micropinocytotic 
vesicles are seen in relation to both the inner and 
outer surfaces and alsjo lying free in the cytoplasm. 
The capillary lunien is at the top of the field, 
x 50000. 
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Fig. 3.8. Electron micrograph showing the narrow 
space (arrow), filled with amorphous material, be- 
tween adjacent vascular endothelial cells (E). L is the 
lumen of the vessel, x 68 000. 

There appears no doubt that fluid and micro- 
molecular solutes can cross the endothelium 
by both the above routes but their relative im- 
portance is still uncertain. 

Leakage of proteins from 
microvessels 

While relatively permeable to water and small 
solutes, the walls of normal capillaries and 
venules exert a sieving effect on larger mole- 
cules, providing an increasingly effective barrier 
to macromolecules proportionate to their size. 
In connective tissues and voluntary muscle 
there is relatively little loss of albumin and even 
less of the larger plasma proteins.* Never- 
theless some protein does escape from the 
microvessels of all tissues, and physiologists 
have postulated the existence of a second micro- 
filter system of smaller numbers of larger 
pores’ to account for this (Pappenheimer et 
al., 1951). In an exercised limb, increased pres- 
sure and flow of blood through the small vessels 
of the muscles results in greatly increased flow 
of the lymph, and yet the total protein content 
Of the lymph, which represents most of the pro- 
tein escaping from the microvessels, is not in- 


creased. Active hyperaemia does not, therefore, 
account for the increased protein leakage from 
the microvessels in acute inflammation, which 
can be explained only by assuming an in- 
crease in the number of Pappenheimer’s postul- 
ated large ‘pores'. 

The observation of leakage from individual 
vessels and the detection of Pappenheimer's 
large pores through which proteins leak out 
was accomplished by inducing acute in- 
flammation and injecting intravascularly a 
suspension of carbon particles. The particles 
escape through the large pores and so label 
the leaking vessels, while the sites of leakage 
can be detected by electron microscopy. 
Using this technique, it was shown by Majno 
et al. (1961) that, when increased permeability 
was induced by histamine or other potential 
endogenous mediators (see below), the carbon 
particles escaped through large gaps which de- 
veloped between adjacent endothelial cells (Fig. 
3.9.). This has now been fully confirmed in 
acute inflammation induced in various tissues 
by various injurious agents. The gaps appear to 
be temporary, for injected colloidal material 
has also been observed deep to normal (i.e. 
‘tight’) endothelial cell junctions in acutely 
inflamed tissue. Very occasionally, this has 
been observed in normal (non-inflamed) 
tissues, suggesting that transient gaps account 
also for the normal leakage of small amounts 
of protein. 

Although plasma proteins of various molec- 
ular sizes appear in the acute inflammatory 
exudate, a sieving effect persists, the smaller 
proteins escaping more readily than the larger 
ones. Since the observed inter-endothelial cell 
gaps are much larger than the largest protein 
molecule, it is apparent that vascular basement 
membrane also acts as a relatively coarse filter 
to proteins which have leaked through the 
endothelium. 

It is possible that some protein is normally 
transferred across the vascular endothelium in 
the micropinocytotic vesicles (see Fig. 3.7), but 
these have not been shown to increase in in- 
flammation and are unlikely to be an impor- 
tant factor. 


sJcdi and voluntary musde and are valid only for the ‘continuous’ (non- 



Fig. 3.9 Two gaps caused by histamine in the endothelium (E) of a venule (rat cremaster muscle, three 
minutes after a local injection of histamine). Red blood cells are very plastic and can easily ‘flow’ into 
endothelial gaps; this one is going to have a problem, because it is slipping out of two different gaps! Note 
the tight folds in the endothelial nucleus (N) (suggestive of cellular contraction). Because the basement 
membrane (BM) acts as a filter (beyond the endothelial gaps), many blood-borne particles accumulate in the 
venular wall: the dark granules are carbon black (India ink which had been injected intravenously); the 
larger, smooth, round bodies are chylomicrons. (P: pericyte.) x 29 700. (Dr. Isabelle Joris.) 
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In summary, exchange of fline i and small solutes 
across the endothelium of capillaries and venules 
occurs by passive filtration either through the 
intercellular material or along channels formed 
by microvesicles which can bridge the endothelial 
cytoplasm. The increased leakage of fluid and 
electrolytes in acute inflammation is explained 
by the increased hydrostatic pressure of the 
blood in the small vessels in active hyperaemia: it 
depends on increased filtration pressure and not 
on increased permeability. Exudation of plasma 
proteins from the small vessels in acutely in- 
flamed tissue requires an increase in permeability 
of the endothelium and this is provided by the 
reversible opening up of relatively large gaps be- 
tween endothelial cells: such gaps probably ex- 
plain also the physiological leakage of small 
amounts of proteins from normal vessels. 


Phases of increased vascular permeability 

In experimental studies of increased vascular 
permeability, acute inflammation has usually 
been induced by readily controlled injury, e.g. 
mild heat or injection of irritating chemicals. 
Increased permeability may be observed by use 
of colloidal carbon as mentioned^above, but 
is more readily measured by administering an 
intravascular injection of either a dye such as 
Evans blue which binds to plasma proteins, or 
of plasma albumin labelled with a radioactive 
isotope. Blue discolouration of the tissue or 
accumulation of the isotope then indicates 
escape of protein from the blood vessels. By 
such techniques, it was shown by Sevitt (1958) 
that moderate thermal injury of the skin of a 
guinea-pig results in two phases of increased 
vascular permeability (Fig. 3.10). The first 
phase is immediate and transient, subsiding 
within about thirty minutes. The second phase 
is delayed and prolonged, starting after one 
to two hours, reaching a peak in about four 
hours and subsiding slowly. Milder thermal 
injury results only in the immediate transient 
phase, while severe injury induces immediate 
persistent increase in permeability continuing 
for twenty-four hours or more. These patterns, 
with some variations, have been demonstrated 
»sing thermal, chemical and bacterial toxic 
wgttcy (Burke and Mites, 1953) to induce 
« o femmati on in various tissues and animal 
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Fig. 3.10 Phases of increased vascular permeability 
following injury to the skin by application of heat. 
Following mild injury, there is immediate but tran- 
sient increase in permeability (a): with moderate 
injury, this is followed by delayed prolonged increase 
in permeability (b), while severe injury causes im- 
mediate persistent increase (e). (Modified after the 
late Professor D. L. Wilhelm: see Zwcifach, 1973 4.) 

Mechanisms of increased vascular permeability 

The phases of increased vascular permeability 
described above have been further analysed by 
electron miscroscopy using colloidal earbon as 
a ‘vascular marker’ (p. 50) to indicate the sites 
of escape of proteins. During the immediate 
transient phase, leakage occurs through the 
endothelium of venules only (Fig. 3.11). Since 
all potential endogenous mediators so far in- 
vestigated (e.g. by use of carbon marking) have 
been found to increase the permeability of 
venules, but not of capillaries, this finding sug- 
gests that the immediate transient phase is 
endogenously mediated. Moreover, when the 
zone of injury is sharply defined, as is the case 
when a hot metal tube is applied to the skin, 
the increased venular permeability of this phase 
is seen to extend to the surrounding uninjured 
tissue, (Fig. 3. 12), which suggests diffusion of 
endogenous mediators. A third feature is that 
the endothelial cells of the leaking venules pre- 
sent changes like those described by Majno 
(see Ryan and Majno, 1977a) after injection of 
histamine: the cells appear plumper and their 
nuclei become more rounded and show crink- 
ling of the nuclear membrane (Fig. 3.9). These 
features suggest that the endothelial cells con- 
tract, becoming shorter and fatter, and pull 
apart from one another, thus accounting for 
the observed gaps between cells. It is note- 
worthy that histamine and most of the other 




Fig. 3.11 Carbon labelling of vessels to demon- 
strate increased vascular permeability following ther- 
mal injury. Upper, the immediate transient phase, 
showing labelling of venules only. Middle, the delayed 
persistent phase, showing labelling of venules and 
capillaries. Lower, a dermal capillary showing endo- 
thelial injury: the lumen is marked by an asterisk. 
Note leakage of carbon. (By permission of Dr Guido 
Majno and the Upjohn Company.) 

potential mediators of increased permeability are 
known to cause contraction of smooth muscle, 
e.g. in isolated intestine or uterus. A few years 
ago, the suggestion that endothelial cells can 
contract like smooth muscle cells would have 
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seemed heretical, but endothelial cells (and also 
polymorphs, monocytes and platelets) are now 
known to contain contractile proteins resemb- 
ling aelin and myosin and cytoplasmic micro- 
fibrils resembling those of smooth muscle cells. 
Accordingly, it seems likely that endogenous 
mediators cause increased venular permeability 
by stimulating endothelial cells to contract. 

By contrast, in the delayed persistent phase of 
increased permeability induced by application 
ot heat, there is leakage of macromolecules from 
both venules and capillaries (Fig. 3.11) confined 
strictly to the zone of tissue injury (Fig. 3.12). 
This observation was made by Hurley (1972) 
who concluded that this phase was not due to 
endogenous mediators but to the delayed effect 
of direct injury on the endothelium, a view sup- 
ported by electron-microscopic evidence of en- 
dothelial injury (Fig. 3.11c). This conclusion is 
of considerable importance, for it follows that 
attempts to inhibit excessive prolonged leakage 
of plasma proteins, e.g. in extensive burns, 
should aiifi at diminishing the effects of endo- 
thelial injury rather than at the suppression of 
endogenous mediators. Hurley made the inter- 
esting observation that promethazine, which 
reduces the delayed injurious effect of carbon 
tetrachloride on the liver cells, also diminished 
the delayed prolonged phase of increased per- 
meability following thermal injury. The im- 
mediate prolonged increase in permeability fol- 
lowing more severe injury presents features 
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Fig. 3.12 The phases of increased vascular permea- 
bility following various degrees of heat injury to the 
skin by a hot tube. Two effects are observed. Firstly, 
an immediate transient increase in venular permea- 
bility (lightly shaded), due to release of histamine, 
etc.: this probably occurs with all degrees of ityury 
short of necrosis and extends beyond the zone of 
injury. Secondly, more persistent injury (heavily 
shaded) results from direct heat injury to the endo- 
thelium of capillaries and venules: this is delayed in 
moderate injury and immediate in severe injury, and 
is confined to the zone of injury. 
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similar to those of the delayed prolonged 
phase, and is due to a greater degree of direct 
endothelial injury. Thrombosis may occur in 
the badly damaged vessels, but otherwise ex- 
udation continues until the damaged endo- 
thelial cells recover or are replaced. In injury 
severe enough to cause tissue necrosis, exuda- 
tion does not, of course, occur in the dead 
tissue, but immediate persistent exudation 
occurs in the severely injured adjacent tissue. 

Observations similar to those described 
above have been reported in experimental in- 
flammation induced in various animal species 
by diverse injurious agents, e.g. x-irradiation, 
ultraviolet light, certain bacterial toxins and 
crushing injury. There are, however, exceptions: 
for example, the delayed persistent increase in 
permeability which occurs when carrageenan is 
applied to the cremaster muscle of the rat is 
confined to venules and appears to be endogen- 
ously mediated. Also, different tissues behave 
differently: for example, various types of injury 
to the skin of the rat result in increased per- 
meability apparently due to direct injury, but 
the same agents applied to the rat diaphragm 
ihduce prolonged increase in permeability ap- 
parently due to endogenous mediators. 

In summary: exudation of protein-rich fluid in 
acute inflammation has been shown experi- 
mentally to occur in two phases — one immediate 
and transient, and the other delayed and pro- 
longed. The immediate phase is due to release of 
histamine and other endogenous mediators which 
appear to cause contraction of venular endo- 
thelial cells, with consequent development of 
temporary gaps between them, through which pro- 
tein-rich fluid escapes. Endogenous mediators 
may also play a role in the delayed phase, but in 
some instances there is strong evidence that the 
direct effect of the causal injury upon the capil- 
lary and venular endothelium is responsible for 
the intercellular gaps observed in both types of 
vessel in this phase. 

Endogenous mediators of increased 
vascular permeability 

Although tiie work of Hurley and others has 
demonstrated that increased vascular perme- 
ability can and does result from the direct effects 
■i W i - , 4wy on die Vascular endothelium, it is ap- 
the above account that endogen- 


ous mediators also contribute. A large and 
increasing number of endogenous compounds 
which can increase vascular permeability have 
indeed been demonstrated in effective concen- 
trations in inflamed tissues and in inflamma- 
tory exudates. To prove that a particular com- 
pound is responsible for increased permeability 
it would be necessary also to demonstrate that 
specific suppression of its production or acti- 
vity results in a reduction in increased permea- 
bility. This is difficult to achieve, for potential 
endogenous mediators are numerous and com- 
plex, and any procedure or antagonist which 
suppresses one is liable to interfere with others. 
Moreover, mediators differ in their effects on 
different animal species. For example. 5-hyd- 
roxytryptamine is much more effective in in- 
creasing venular permeability in rats and mice 
than in other mammalian species. However, the 
immediate transient phase is now widely re- 
garded as being mediated largely by histamine 
for it is partly inhibited by low doses of 
relatively specific histamine antagonists, e.g. 
mepyramine maleate, and by prior histamine 
depletion, e.g. by Polymixin B. Apart from this, 
none of the potential mediators has yet been 
shown conclusively to be of practical import- 
ance in increasing vascular permeability. 
Accordingly, the following notes on their pro- 
duction and properties are intentionally brief. 

Mediators derived from the plasma 

These include various products of activation 
and interaction of four major ‘cascade’ 
systems—the clotting, fibrinolytic, kinin and 
complement systems. Each system has a number 
of components which include pro-enzymes, 
conversion of which to the active enzymes can 
trigger off the activation of subsequent com- 
ponents in the system, giving a chain or cas- 
cade reaction. Each system is complicated by 
the presence in the plasma of inhibitors and 
accelerators, and by positive and negative feed- 
back mechanisms. Moreover some of the acti- 
vation products of the individual systems can 
interact with the other systems. Fig. 3.13 is a 
gross over-simplification of these complexities. 
The clotting and fibrinolytic systems are des- 
cribed in more detail on pp. 234-5 in relation 
to thrombus formation and lysis, and the 
complement system on p. 142 in relation to its 
activation by antigen-antibody complexes. 
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Fig. 3.13 A simplified version of the complex inter- 
actions between the fibrinolytic, clotting, kinin and 
complement systems. The first three of these systems 
are triggered off by activated Hageman factor and 
products of their activation activate more Hageman 
factor. The complement system can be activated by 
products of the fibrinolytic and kinin systems. Pro- 
ducts underlined cause active hyperaemia, increase 
the permeability of venular endothelium, and some 
are also chemotactic for leukocytes. Controlling and 
inhibitory factors are not shown in the diagram. 

As shown in Fig. 3.13, Hageman factor in the 
plasma (traditionally factor XII of the clotting 
system) plays a key role, for once activated it 
can initiate activation of the clotting, fibrinoly- 
tic and kinin systems, each of which can, in 
turn, activate more Hageman factor. In vitro, 
Hageman factor is activated by contact with 
negatively-charged surfaces, e.g. glass or 
kaolin. In vivo , it is activated by contact with 
various extracellular tissue elements, including 
basement membrane, by bacterial endotoxin (p. 
178) and by various proteolytic enzymes of the 
kinin, clotting and fibrinolytic systems. It is 
thus apparent that, once inflammation has de- 
veloped, Hageman factor leaking through 
endothelial gaps can become activated by con- 
tact with basement membrane and activation of 
three of the major systems can ensue. Products 
of the activity and interactions of these three 
systems induce inter-endothelial cell gaps, 
apparently by causing endothelial cell con- 
traction: they include fibrinopeptides, fibrin 
degradation products and kinins, In addition 
(Fig. 3.13), activation products of the fibrinoly- 
tic and kinin systems can activate the comple- 
ment system which also generates permeability- 
increasing factors and which, in turn, can activ- 
ate the clotting system. As mentioned earlier, 


these permeability-increasing factors are also 
capable of promoting active hyperaemia (p. 46). 

In established inflammatory lesions, large 
numbers of enzymes are released by tissue cells 
and leukocytes. These include proteases, some 
of which are capable of activating components 
of the four major plasma systems shown in Fig. 
3.13, and also of breaking down tissue and 
plasma proteins into peptides, some of which 
can themselves act as permeability-increasing 
factors. 

The kinin system was revealed largely by the work 
of Miles and Wilhelm (1955). They detected a per- 
meability-increasing factor (termed PF/dil) which 
was generated spontaneously from diluted plasma in 
a glass container. The system has been elucidated 
mainly by the work of Cochrane and Wuepper and 
their colleagues (Cochrane et al., 1974). The main 
components of the system are shown in Fig. 3.14. 
Prekallikrein activator is a product of activated 
Hageman factor. The other components of the 
system are all present in the plasma, but enzymes 
with kallikrein activity are present also in most 
tissues and in urine and glandular secretions. Brady- 
kinin is a nonapeptide derived from breakdown of 
kininogen, a plasma glycoprotein, by the proteolytic 
action of kallikrein. On injection, bradykinin causes 
pain, active hyperaemia and increased venular per- 
meability. Several closely related peptides have sim- 
ilar properties: they are rapidly destroyed by kini- 
nases in the plasma and tissues, which also contain 
kallikrein antagonists. The latter are commercially 
available for therapeutic use. 

The complement system is described more fully in 
relation to hypersensitivity on p. 142-4. It consists 
of a series of components termed Cl, C2, etc., in the 
plasma. Activation of the system generates agents 
which increase venular permeability. These are 
termed anaphylatoxins and include Cha and C5a 
which are cleavage products of C3 and C5 

Hageman factor 


Prekallikrein activator 


Prekallikrein ► Kallikrein 


Kininogens — ► Kinins 

Fig. 3.14 The major components participating in 
the cascade reaction of the kinin system. 
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respectively. They act mainly by liberating histamine 
from mast cells, but C5 a is also strongly chemotactic 
for leukocytes (p. 60). Plasma contains a potent in- 
activator of these products (which may also inactiv- 
ate kinins). 

In the complex environment of the inflammatory 
reaction there are a number of ways in which C3« 
and C5 a may be generated: the main ones are as 
follows. 

(а) In bacterial infections , the host's plasma may 
contain antibodies to antigenic components of 
the invading bacteria (perhaps developed 
during a previous infection): the union of such 
antibodies with the corresponding antigens 
can activate the complement system. 

The endotoxins of Gram-negative bacteria 
can activate the complement system at the C3 
stage. Also, some bacteria secrete proteases 
which are capable of cleaving C3 and C5. 

(б) Tissue injury itself can also activate comple- 
ment, for the reaction of auto-antibodies 
(often present at low levels in the plasma) with 
the various corresponding tissue antigenic 
components released by tissue injury provides 
antigen-antibody complexes capable of acti- 
vating complement. 

When injured, heart muscle, and probably 
other tissues, also release enzymes capable of 
cleaving C3 and C5. 

(c) Neutrophil polymorphs and macrophages which 
have migrated into the tissues and are phago- 
cytosing tissue fragments or bacteria, etc., 
secrete lysosomal enzymes, some of which are 
capable of cleaving C3 and C5. 

(d) As indicated above, some products of activa- 
tion of the other plasma cascade systems (clot- 
ting, fibrinolytic and kinin systems) are cap- 
able of activating the complement system. 

Although the above observations do not establish 
that complement plays a part in non-immunological 
inflammatory reactions, this possibility is suggested 
also by the demonstration that animals depleted of 
plasma complement by various methods show im- 
paired inflammatory exudation following physical or 
chemical tissue injury. Since such animals react 
normally to injected histamine, kinins, etc., comple- 
ment appears to be of importance either as a source 
of mediators or by stimulating the production of 
tnediators from other sources (Willoughby, Coote 
and Turk, 1969; Lewis and Turk, 1975). 

Mediators released by cells 

These are also numerous, but only a few have been 
characterised chemically. They include the following. 

fSfatomfoe is stored in inactive form in the gran- 
ules of mow oeflj, which are present adjacent to blood 


vessels in most tissues, and also in basophil leuko- 
cytes and platelets. Active histamine is released from 
these cells by many substances and stimuli, including 
those which induce acute inflammation, e.g. heat, 
irradiation, irritating chemicals, toxins, venoms, by 
anaphylatoxins (p. 55), and by a lysosomal protein 
secreted by polymorphs in inflammatory exudates. 
Release of histamine from platelets is also stimulated 
by factors which cause platelet aggregation (p. 232). 
Its release in some types of immunological reaction 
is described in Chapter 6. 

On local injection, histamine causes itching and 
pain, active hyperaemia and increased venular per- 
meability for approximately fifteen minutes, after 
which the vessels arc said to become refractory for 
several hours to a further injection of histamine. 
Compounds which deplete the mast-cell store of his- 
tamine, and others which inhibit the venular re- 
sponse to histamine by competitive binding to 
endothelial-cell receptors, do not have important 
anti-inflammatory effects in low dosage, although 
they partly inhibit the immediate transient phase of 
increased vascular permeability. 

5-hydroxytryptamine (serotonin) is present in most 
tissues. Rich sources include the cells of the chrom- 
affin system of the gastro-intestinal tract, the spleen 
and nervous tissue, mast cells and platelets. On injec- 
tion, 5-hydroxytryptamine, like histamine, causes a 
brief increase in venular permeability: it may par- 
ticipate in inflammatory reactions in rats and mice, 
which are particularly sensitive to it, but in other 
species, including man, it is unlikely to make an im- 
portant contribution to inflammation. 

Prostaglandins are a group of long-chain hydroxy- 
fatty acids which are produced in most tissues by the 
action of an oxidase (PG-synthetase) on poly- 
unsaturated fatty acids such as arachidonic acid. 
They are rapidly catabolised and arc not stored 
within the body. While they differ greatly in their 
properties, prostaglandins El and E2 have been isol- 
ated from inflammatory exudates in man and an- 
imals and shown .to be capable of causing active 
hyperaemia, increased vascular permeability and 
possibly chemotaxis of polymorphs. They are also 
potent pyrogens when injected into the third ventricle 
and although small doses intradermally do not cause 
pain, they lower the pain threshold of nerve endings to 
histamine, 5-hydroxytryptamine and kinins. Control 
of their synthesis and release is obscure, but they have 
been detected in inflammatory exudates and are sec- 
reted by phagocy tically active polymorphs. Firm evid- 
ence that prostaglandins play an important part in 
inflammation is scanty, but it is of interest that aspirin 
and related drugs, which have anti-inflammatory, 
anti-pyretic and analgesic properties, have been shown 
to be capable, in low concentrations, of inhibiting the 
production of prostaglandins, both in rivo and In vitro, 
by antagonising prostaglandin synthetase activity. 
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Neutrophil polymorphs and monocytes. As stated 
earlier, these cells migrate from the venules into the 
tissues in acute inflammation, and become more 
actively motile and phagocytic. During this activity, 
and also when these migrated cells are injured by 
bacterial toxins, etc., they release various lysosomal 
enzymes and other proteins, many of which particip- 
ate in the activation of the plasma cascade systems 
(p. 55) or break down various plasma proteins into 
fragments which increase venular permeability. In 
addition, polymorphs secrete a factor which stimul- 
ates the release of histamine, etc. from mast cells and 
other factors which act directly on venules, increas- 
ing their permeability. 

Conclusions. The early ( immediate transient) 
phase of increased venular permeability observed 


in mild inflammation is due partly to histamine 
release. There are many potential mediators of 
the later phase of increased venular permeability, 
but none has been implicated with certainty. It 
seems reasonable to conclude that the important 
process of exudation has been safeguarded by the 
development, during evolutionary selection, of 
multiple mediators of increased venular per- 
meability, no single one of which is indispensible. 

Preoccupation with endogenous mediators 
should not be allowed to obscure the evidence 
provided by Hurley and others that, in some 
experimentally-induced inflammatory reactions, 
prolonged increase in permeability affects capil- 
laries and venules and is due to direct endothelial 
injury (p. 53). 


Emigration of leukocytes 


The escape of cells from the blood vessels is a 
prominent feature of inflammation. Escape of 
erythrocytes is purely passive: they are forced 
out of capillaries and venules, through gaps 
between endothelial cells, by the hydrostatic 
pressure of the blood. Their escape in. very 
large numbers is an indication of severe endo- 
thelial injury. By contrast, escape of neutrophil 
polymorphs and monocytes is an active process 
of great importance, and of particular signifi- 
cance in the defence against bacteria. It is inde- 
pendent of the endothelial gaps responsible for 
increased vascular permeability and involves 
two stages: firstly, the leukocyte becomes arr- 
ested on the surface of the vascular endothe- 
lium, and secondly it passes through the vessel 
wall. 

In acute inflammatory lesions, neutrophil 
polymorphs migrate earlier and in much greater 
numbers than monocytes. 

Margination of polymorphs 

Arrest of neutrophil polymorphs on the vascu- 
lar endothelium is often conspicuous in acute 
inflammation and is known as pavementing or 
margination of leukocytes. It is seen solely in 
venules and occurs with the slowing of the 
blood flow in the dilated vessels. In the earlier 
stage of rapid flow, blood in the arterioles and 
venules shows axial streaming, the cells being 


mainly in the central or axial columns of blood, 
separated from the vessel wall by a clear layer 
of plasma containing only occasional cells. This 
streaming is dependent on the rapid flow of 
blood and later, as the rate of flow decreases, 
axial streaming disappears. In particular, the 
leukocytes in the venules pass into the peri- 
pheral stream, where they can make contact 
with the endothelium. Neutrophil leukocytes 
making such contact tend to become arrested 
momentarily and then become detached and 
move on, or roll slowly along the endothelial 
surface. Eventually more and more of them 
become arrested for longer periods on the 
endothelium and they may form an almost con- 
tinuous layer or may even become heaped up 
on one another (Fig. 3.15). The nature of adhe- 
sion between the leukocytic and endothelial cell 
surfaces is unknown: changes in the cell sur- 
faces have not been detected by electron micro- 
scopy. 

In recent studies, vascular endothelial injury 
in small vessels has been caused by a fine laser 
beam (5-15 pm diameter) during perfusion with 
saline coloured with a dye, and adhesion of 
leukocytes to the injured endothelium has been 
observed following restoration of blood flow. 
Since blood cells and plasma were excluded 
from the vessel during injury, pavementing can 
clearly result from endothelial injury alone, and 
does not require injury to the leukocytes. 
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Fig. 3.15 Section of venule in acute inflammation, 
showing pavementing of polymorphonuclear leuko- 
cytes. x 1000. 


Emigration of polymorphs 

The ‘pavemented’ polymorph pushes out cyto- 
plasmic pseudopodia and when one of these 
encounters the junction between two endo- 
thelial cells, it extends between them, disrupting 
the junction (Fig. 3.16), and the rest of the cell 
squeezes through: the intercellular junction re- 
forms rapidly without significant leakage of 
plasma. The emigrating polymorph also passes 
through the basement membrane, which is re- 
paired almost immediately. The mechanisms of 
disruption and repair of the endothelial cell 
junction and basement membrane are not 
known. Polymorphs take only a few minutes to 
pass these barriers; they then wander through 
the tissues and play a role in digestion and 
phagocytosis of fibrin, degenerate tissue and 
cell fragments and, most important in infec- 
tions, in the destruction and removal of micro- 
organisms. The phagocytic function of 
leukocytes is considered on pp. 63 and 180. 


Intensity of polymorph emigration in acute 
inflammation depends upon the nature and 
severity of the tissue injury. It is usually only 
moderate in physical injury unless infection 
supervenes. Inflammatory chemicals, including 
bacterial products, vary greatly in the degree of 
leukocytic emigration they induce. In the mild 
inflammatory reaction which occurs around 
tissue dying from acute ischaemia, i.e. an in- 
farct (p. 246), the degree of polymorph emigra- 
tion also varies greatly. In myocardial infarc- 
tion, for example, there may be virtually no 
polymorph infiltration of the dead muscle, or 
large numbers may be present, particularly 
near the margin. 

The outstanding examples of intense emigra- 
tion of polymorphs are provided by bacterial 
infections: bacteria which, like Strep, pyogenes , 
Staph, aureus and Strep, pneumoniae are par- 
ticularly active in this respect, are accordingly 
termed pyogenic (pus inducing) bacteria. Other 
bacteria, such as, Salmonella typhi (the cause of 
typhoid fever) and Clostridium welchii (a cause 
of gas gangrene), induce far less polymorph 
emigration, even though they cause severe in- 
flammation. These special features are con- 
sidered in more detail below and in Chapter 8, 
but it is worth noting here that differences be- 
tween inflammatory reactions are not simply in 
degrees of severity: the nature of the injurious 
agent determines to some extent the relative 
degrees of the various features (exudation, emi- 
gration of leukocytes, etc.) of the reaction. 

Chemotaxis 

The migration of polymorphs through the walls 
of venules and their subsequent movement in 
the tissues has been widely assumed to be 
mediated by chemotaxis, a process in which 
cells move towards higher concentrations of 
certain substances termed chemotactic agents or 
chemotaxins. Such directed movement is not 
readily demonstrated in vivo, largely because it 
is difficult to establish and maintain gradients 
of concentration of test substances in living 
tissues. Nevertheless, time-lapse cinephoto- 
micrography of inflamed tissues within rabbit 
ear chambers* has revealed that the movements 


♦The rabbit par chamber consists of two thin, fiat transparent plastic discs with a narrow space between and open 
around the edge. For use, it is sutured in a round hole punched in the pinna, and a layer of vascular connective tissue 
Btvws ht to occupy the space. I nflammatio n can be induced in the connective tissue by various means and the changes 
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Fig. 3.16 A neutrophil polymorph caught in the act of emigrating out of a venule (rat omentum; experi- 
mental inflammation caused by sterile necrotic kidney tissue). Note the many fibrils in the endothelial cell at 
top; above it, part of a platelet (PI) — which must have slipped out earlier (not necessarily through the gap 
now being used by the neutrophil). (E: Endothelium; P: Pericyte; PI: Platelet.) x 24470. (Dr. Guido 
Majno.) 


of polymorphs in pursuit of bacteria appear as 
purposeful as a dog following a scent. 

Two methods have been used extensively to 
detect chemotactic agents. In the method of 
Boyden (1962) a suspension of leukocytes is 
separated by a millipore membrane from the 
test solution. If the latter contains chemotactic 
agents, the leukocytes migrate through the 
pores of the membrane (Fig. 3.17) and meas- 
urement of their rate of advance can provide a 
reliable assay of chemotactic activity. Precau- 


tions must be taken, however, to exclude the 
effects of chemokinetic agents, which enhance 
random motility of leukocytes without influen- 
cing their directional motility. In the other 
method (Harris 1953), the suspension of leuko- 
cytes is incubated in a slide-coverslip prepar- 
ation in the presence of a source of the agent 
being tested for chemotaxis; the movement of 
individual leukocytes is observed micros- 
copically, usually by time-lapse cinephoto- 
micrography. 
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Fig. 3.17 Electron-micrograph of a neutrophil 
polymorph migrating through a millipore membrane 
in response to a chemotaxin. Most of the organelles 
have passed into the cytoplasm which, together with 
two lobes of the nucleus, has moved downwards 
through a pore, the site of which is indicated by the 
heavy line, x 14 300. (By courtesy of Dr. P. C. Wilk- 
inson and Churchill-Livingstone.) 

Chemotacdc agents for neutrophil polymorphs 

By use of the above methods, it has been 
shown that there are many substances which 
are chemotactic for neutrophil polymorphs in 
vitro. They include products of (a) the comple- 
ment, clotting, fibrinolytic and kinin systems, 

(b) injured tissues, (c) micro-organisms, (d) 
polymorphs during phagocytic activity, and (e) 
partial digestion of proteins in the inflamma- 
tory exudate. 

(a) The plasma cascade systems. Activation of the 
clotting, kinin and fibrinolytic systems, already dis- 
cussed in relation to the mediation of increased vas- 
cular permeability (p. 54) results in chemotactic pro- 
ducts. These include j fibrinopeptides, fibrin degrada t~ 
tfc/fi products and kallikrein. 

; Aet»vati>Q» of the complement system also 


produces chemotaxins, the strongest of which is C5 a 
(a cleavage product of C5): a complex of activated 
C5, 6 and 7 may also be chemotactic. Complement 
seems to be of particular importance in chemotaxis 
and accordingly its activation in inflammatory 
lesions, already considered on p. 55. is further com- 
mented on below. 

(b) Tissue injury. Injured tissue cells release com- 
pounds which are directly chemotactic for poly- 
morphs. including prostaglandin El (which is also a 
potential mediator of increased vascular perme- 
ability), and enzymes which activate the complement 
system. The importance of complement as a source 
of chemotactic agents when tissue injury occurs is 
suggested by experiments in which necrosis of part 
of the myocardium was induced in rats by ligation of 
a coronary artery: emigration of polymorphs from 
the blood vessels at the margin of the infarct was 
found to be largely suppressed by prior depiction of 
the plasma C3 (Hill and Ward, 1971). 

(c) Micro-organisms. Some bacteria secrete lipid or 
protein compounds which are directly chemotactic 
for polymorphs, for example. Staph, aureus and 
Esch. colt. 

As described on p. 56, the reaction of microbial 
antigens with host antibodies can result in activation 
of complement, while bacterial endotoxins can 
directly activate complement at the C3 stage. Some 
bacteria also secrete proteolytic enzymes capable of 
cleaving C3 or C5. 

Although viruses are not known to produce chemo- 
tactic agents, cells containing replicating virus have 
been shown to do so. 

(d) Neutrophil polymorphs which have migrated 
into inflamed tissue secrete an agent which is chemo- 
tactic for other neutrophil polymorphs. Once they 
have become actively phagocytic, polymorphs se- 
crete lysosomal enzymes, some of which are capable 
of cleaving C3 or C5. During phagocytic activity, 
polymorphs also secrete a substance which immob- 
ilises other polymorphs in the vicinity. These cells 
thus appear to have the means to ensure their con- 
tinued replacement in an inflammatory lesion so 
long as tissue debris, bacteria, etc. are available for 
phagocytosis. 

(e) Partly denatured proteins. The inflammatory 
exudate contains various proteolytic enzymes de- 
rived from ipjured tissue cells, from migrated poly- 
morphs and from activation of the plasma cascade 
systems. Proteins in the exudate or released by cell 
injury are thus exposed to mild proteolysis, the effect 
of which in some instances (e.g. plasma albumin, 
immunoglobulin G and haemoglobin) is to render 
them chemotactic. 

The above account, by no means compre- 
hensive, may serve to indicate the complexity 
of chemotactic agents. These have been 
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detected by in-vitro experiments, and the role of 
chemotaxis in vivo is not established. It is, 
however, very likely that it is important in the 
accumulation of leukocytes in inflammatory 
lesions, for a correlation has been shown be- 
tween the chemotactic properties of various 
compounds and their in-vivo capacity to induce 
migration of polymorphs. 

Conclusions. In their number and complexity, 
chemotactic agents in acute inflammatory lesions 
resemble potential mediators of increased vas- 
cular permeability. Some agents have both pro- 
perties, e.g. prostaglandin El, complement pro- 
ducts and fibrinopep tides. However, increased 
vascular permeability and emigration of poly- 
morphs occur independently, often from different 
vessels and at different times during the inflam- 
matory response. This is not surprising in view of 
the important role of direct endothelial injury in 
increased permeability, (p. 53.) 

The mechanism of chemotaxis 

Chemotactic agents for polymorphs are many and 
diverse, and so it is unlikely that recognition of each 
depends on the existence of specific receptor sites on 
the cell surface. Wilkinson (1974) has suggested that 
hydrophobic chemical groups are important in con- 
ferring chemotactic properties, and this would ex- 
plain why mild denaturation or proteolytic digestion 
of some proteins renders them chemotactic, for such 
treatment exposes hydrophobic groups. This pro- 
posal is supported also by the demonstration that 
coupling of non-polar (hydrophobic) groups to pro- 
teins renders them chemotactic, while polar groups 
are without this effect. 

Polymorphs which have responded to a chemo- 
tactic agent become refractory to this and other 
chemotactic agents, although they can still phago- 
cytose and kill bacteria. In explanation, it has been 
proposed that chemotactic agents operate by activat- 
ing the enzyme serine esterase, which is present in 
inactive form on the cell surface. Once activated, the 
enzyme decays rapidly and is apparently not re- 
generated by the polymorph. In support of this pos- 
sibility, agents which inhibit serine esterase suppress 
chemotactic responses. In preliminary experiments, 
Wilkinson et al. (1977) have made use of chemo- 
tactic agents labelled with a fluorescent dye. They 
have shown that such agents bind diffusely to the 
surface of responding cells, but after an hour or so 
the agent aggregates at one part of the cell surface 
and is then ingested by the cell. These changes are 
accompanied by loss of chemotactic responsiveness 
and immobilisation of the cell: they are consistent 


with removal from the cell surface of serine esterase 
or some other agent necessary for chemotaxis. 

Movement of leukocytes is probably effected by 
the contraction of myofibrils formed by polymerisa- 
tion of actin and myosin and attached to the inner 
side of the plasma membrane. Wilkinson (1974) has 
proposed that direction of movement is controlled 
by the cell’s microtubule system and this is supported 
by the demonstration that colchicine, which inhibits 
the polymerisation of tubulin to form microtubules, 
renders the cell incapable of chemotactic responses 
without interfering with their random motility. 

In most acute inflammatory lesions, eosino- 
phil polymorphs emigrate from the vessels in 
relatively small numbers. They are reported to 
respond chemotactically to some bacterial pro- 
ducts and to cleavage products of C5. Their 
behaviour in inflammation caused by allergy is 
described on p. 148. 

Very few basophil leukocytes are observed in 
most acute inflammatory reactions. 

Emigration of monocytes 

Neutrophil polymorphs emigrate earlier and 
more rapidly than monocytes, so that in short- 
lived acute inflammation the peak of poly- 
morph emigration has passed before monocytes 
emigrate in significant numbers. In more pro- 
longed inflammation due to pyogenic bacterial 
infection, emigration of polymorphs continues 
until most of the bacteria have been destroyed, 
and only then do monocytes emigrate in large 
numbers. It is thus apparent that different fac- 
tors control emigration of polymorphs and 
monocytes. Chemotactic responses of mono- 
cytes have not yet been investigated extensively, 
but it is apparent that both monocytes and 
macrophages are attracted by some of the 
agents which are chemotactic for polymorphs, 
for example some bacterial products, cleavage 
products of C5 and kallikrein. 

In inflammation due to infection with some 
bacteria, e.g. Myco. tuberculosis and S. typhi, 
emigration of polymorphs is transient or 
absent, and most of the emigrating cells are 
monocytes and lymphocytes. The role of cell- 
mediated immunity in such responses is discus- 
sed in Chapter 7, but monocyte emigration also 
predominates in the experimentally-induced 
reaction to relatively inert foreign material, 
such as carrageenan and synthetic polymers, 
which are unlikely to invoke an immunological 
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reaction. It is thus apparent that there are 
chemotactic agents which predominantly attract 
monocytes. One such is a lysosomal protein 
secreted by polymorphs during phagocytic acti- 
vity, while a product of Corynebacterium parvum 
appears to be specifically chemotactic for 
monocytes: an intradermal injection of this bac- 
terium induces emigration mainly of monocytes. 

Lymphocytes and chemotaxis. There is recent 
evidence that lymphoid cells can respond chemo- 
tactically to some agents, while they are cap- 
able also of influencing migration and motility 
of polymorphs, monocytes and other lympho- 
cytes (Chapter 6). 

The lymphatics in acute inflammation 

The smallest lymphatics are blind-ending tubes 


Effects of acute inflammation 


Acute inflammation is classed as a pathological 
process although there is no doubt that its 
effects are, in general, beneficial. It helps to 
eliminate invasive micro-organisms, to limit the 
injurious effects of irritating chemicals and bac- 
terial toxins, and participates in the removal of 
necrotic cells and tissue debris. 

Like most beneficial biological processes, 
acute inflammation is not without its disadvan- 
tages: in some instances it appears to confer 
no obvious benefit, and in others it seems pos- 
itively harmful. 

Beneficial effects 

These are conferred partly by the flow of exu- 
date through the inflamed tissues and partly by 
the phagocytic and microbicidal effects of emi- 
grated leukocytes. 

The inflammatory exudate 

The fluid exudate is protective in the following 
ways. 

1. Dilution of toxins. When inflammation is 
caused by toxic chemicals, including bacterial 
toxins, the exudate diminishes local tissue 
mjdry by. diluting the toxins and carrying them 
awiay by the lymphatics. 


with a very thin endothelium and a fine, in- 
complete, i.e. discontinuous, basement mem- 
brane. Normally they are partly collapsed, but 
fine fibrils attach the outer surface of the 
endothelium to the collagen in the surrounding 
tissue, and swelling of the tissue by inflamma- 
tory exudate tenses these fibrils and distends the 
lymphatics. The endothelial cells overlap one 
another and their junctions are very easily 
separated: they appear to act as valves, allow- 
ing fluid to pass in but not out. 

These features allow greatly increased lymph 
drainage from inflamed tissue. Hxuded proteins 
arc removed by the lymphatics, and red cells 
and leukocytes also pass into the lymphatics of 
inflamed tissue. 

The filter function of the lymph nodes in in- 
flammation is described in Chapter IK. 


2. Protective antibodies. The proteins in the 
exudate include antibodies which have de- 
veloped as a result of infection or immunisation 
and which are present in the individual’s 
plasma. In acute inflammation due to infection, 
the exudate may thus contain antibodies which 
react with, and promote destruction of, the 
micro-organisms, or which neutralise their 
toxins. Antibodies promote killing of micro- 
organisms by rendering them susceptible to 
lysis by complement and destruction by 
phagocytes. This is described more fully in 
Chapter 7. 

3. Fibrin formation. Fibrinogen in the exu- 
date is converted to solid fibrin by the action of 
tissue thromboplastin. A network of deposited 
fibrin is commonly seen in inflamed tissues, 
and may form a mechanical barrier to the 
movement and spread of bacteria. It may also 
aid in their phagocytosis by leukocytes. 

4. Promotion of immunity. Micro-organisms 
and toxins in the inflammatory lesions are car- 
ried by the exudate, either free or in phago- 
cytes, to the local lymph nodes where they may 
stimulate an immune response. This provides 
antibodies and cellular mechanisms of defence 
which appear within a few days and may be 
maintained for years. 

5 . Cefl nutrition. The flow of inflammatory 



exudate brings with it glucose, oxygen, etc., 
and thus helps to supply the greatly increased 
numbers of cells: it also carries away their 
metabolic products. 

Phagocytosis 

The neutrophil polymorphs in inflammatory 
lesions are actively phagocytic. The emigrated 
monocytes are not at first so active, but they 
rapidly change into the larger, more active 
macrophages. The process of phagocytosis is 
similar for both polymorphs and macrophages, 
and resembles closely the engulfment of food 
particles by amoebae. First, the surface of the 
phagocyte attaches to the particle, e.g. bac- 
terium, to be ingested. The cytoplasm then flows 
around the particle and envelops it in a phago- 
cytic vacuole. Finally the plasma membrane 
enclosing the vacuole breaks away from the cell 
surface, and the membrane-lined vacuole lies 
free in the cytoplasm. The subsequent fate of 
the particle depends on its nature and on the 
host’s response. Adjacent lysosomes fuse with 
the membrane of the phagocytic vacuole, and 
pour their contents into it, the vacuole now 
being termed a phagolysosome or phagosome. 
The particle is thus exposed to the lysosomal 
acid hydrolases, and these include such a wide 
range of enzymes that most biological material, 
including red cells, fibrin, collagen and ground 
substance, dead cells and cell components, are 
digested. By engulfing and digesting the debris 
of the inflammatory reaction, the phagocytes 
act as scavengers (Fig. 3.18). During phagocy- 
tic activity, polymorphs and macrophages also 
release lysosomal enzymes into the surrounding 
fluid where they contribute to the digestion and 
so removal of inflammatory debris: the diges- 
tion products include peptides, nucleotides, etc. 
which, by increasing vascular permeability and 
attracting leukocytes by chemotaxis, may en- 
hance the inflammatory reaction. 

Polymorphs and macrophages play a vital 
protective role in microbial infections. In most 
bacterial infections, the bacteria are eliminated 
rapidly by phagocytosis and other protective 
mechanisms. However, there are exceptions, 
and some micro-organisms live and even mul- 
tiply in phagocytes. The factors concerned in 
these host/parasite relationships are considered 
in Chapter 7. 
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Neutrophil polymorphs are highly specialised 
cells; they are actively motile, rich in lysosomal 
enzymes, and respond to relatively early chemo- 
tactic stimuli in the inflammatory reaction. 
They have a rich store of glycogen, and enzyme 
systems which provide the energy required for 
motility and phagocytosis by glycolysis. The 
last property allows polymorphs to function in 
the low oxygen tension present in highly cel- 
lular inflammatory exudates. 

Because of these properties, the polymorph is 
admirably suited to its role in early defence 
against acute bacterial infections: it arrives 
early on the scene and is aggressive in engulfing 
and killing bacteria. It is, however, an end- 
stage cell and is unable to re-synthesise the sur- 
face plasma membrane and granules (lyso- 
somes) used up in these activities. In con- 
sequence it soon loses its granules, becomes in- 
effective and dies. The supply of polymorphs is, 
however, practically unlimited. 

Monocytes are less actively motile and phago- 
cytic than polymorphs. They provide a re- 
serve of cells which, on emigration in an in- 
flammatory lesion, change into macrophages: 
this involves increases in lysosomal enzymes, 
metabolic activity, motility, and phagocytic 
and microbicidal capacity. Like polymorphs, 
they have enzyme systems which supply the 
energy for this increased activity by anaerobic 
glycolysis, but they differ in having little stored 
glycogen and must therefore make use of gly- 
cogen released by polymorphs or glucose in the 
exudate as a source of energy. Macrophages 
can ingest and destroy inflammatory debris 
(dead cells, fibrin, tissue fragments, etc. — Fig. 
3.18) and can envelop and sequester indigesti- 
ble material, e.g. foreign bodies and certain 
micro-organisms, for long periods: they can 
synthesise plasma membrane, lysosomal en- 
zymes and lysosomes and are capable of division 
and of long survival after phagocytic activity. 
These properties suit them particularly to sus- 
tained function in prolonged inflammatory 
reactions. 

Harmful effects 

Swelling of acutely inflamed tissues may have 
serious mechanical effects. For example, in 
acute laryngitis the lumen of the larynx may be 
so reduced as to interfere with breathing. 

Acute inflammation of tissues which are 



64 Inflammation 

confined within a restricted space, and so 
cannot expand, results in a rise of tissue press- 
ure which may impair function directly or may 
interfere with blood flow and so cause ischae- 
mic injury. Examples include inflammation of 
the brain (encephalitis) and meningitis, both of 
which cause increased intracranial pressure 
sometimes leading to coma and death. Simi- 
larly acute bacterial infection of the bone marrow 
(osteomyelitis) raises the pressure in the med- 
ullary cavity and extensive ischaemic necrosis 
may occur. A third, painful example is acute 
inflammation of the testis, usually caused by 
mumps virus; the tough tunica albuginea pre- 
vents much expansion, and ischaemia results, 


sometimes with permanent residual injury. For- 
tunately, both testes are seldom severely affected. 

Some examples of inflammation are inappro- 
priate and harmful. For example, most people 
encounter grass pollen in the air without ill 
effect, but others become sensitised to pollens 
and react by the acute conjunctivitis and rhini- 
tis of hay fever. There is also a rare condition, 
angio-neurotie oedema, in which acute in- 
flammatory lesions develop spontaneously in 
various tissues, including the gastro-intestinal 
tract. It is due to deficiency of a plasma factor 
which controls activation of complement, and 
the inflammatory lesions are apparently medi- 
ated by complement activation products. 


Further stages of acute inflammation 


The three common results of the acute in- 
flammatory reaction are: 

(a) Resolution, i.e. subsidence of the in- 
flammatory changes and return of the 
tissue to normal. 

(b) Progression to suppuration. 

(c) Progression to a chronic phase with 
fibrosis. 

Resolution 

Termination of the injury which has caused 
acute inflammation is followed by reversal of 
the inflammatory changes, and provided that 
there has not been wholesale destruction, the 
tissue usually returns to normal. Cell and tissue 
debris are digested by enzymes in the exudate 
or by phagocytes (Fig. 3.18); pavementing and 
emigration of leukocytes cease; the vessel walls 
regain their normal permeability, .And blood 
flow retufas to normal. Most of the emigrated 
polymorphs probably die, while macrophages 
(emigrated monocytes) may pass to the draining 
lyinph nodes. Inflammatory exudate drains away 
in the lymphatics, and.normality is restored. 

A striking example of resolution is presented 
by lobar pneumonia, an acute infection of the 
lung usually due to Streptococcus pneumoniae, 
in which typically the alveoli throughout a 
whole lobe become filled with a protein-rich 
exudate containing a fine network of fibrin and 
fatge bombers of neutrophil polymorphs (Fig. 



Fig. 3.18 A late stage of pyogenic bacterial infec- 
tion, showing phagocytosis of polymorphs, red cells 
and debris by macrophages, x 510. 


16.24, p. 468). Following destruction of the 
bacteria, usually after several days, polymorphs 
and macrophages complete the digestion of 
fibrin, dead cells and debris, the fluid exudate is 
removed partly by reabsorption and partly by 
coughing, and in most cases the lobe returns to 
normal. 
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Suppuration 

Pyogenic bacteria (p. 58) cause acute inflam- 
mation in which emigration of polymorphs is 
intense, and in which local toxic injury is often 
severe enough to cause tissue necrosis at the 
centre of the lesion. The dead tissue is digested 
by the polymorph enzymes, leaving a space in 
the tissue filled with inflammatory exudate rich 
in polymorphs (Fig. 3.19) and containing also 



Fig. 3.19 Margin of an abscess cavity in the liver. 
In the upper part of the field the liver tissue has been 
destroyed and digested, leaving a space filled with 
purulent exudate, x 250. 

bacteria, fragments of necrotic tissue, cell 
debris and fibrin. Such a cavity is termed an 
abscess, and the contained fluid, which may be 
creamy from its cell content and sticky from its 
high nucleic acid content (from dead poly- 
morphs) is called pus or purulent exudate. 
Return to normal is no longer possible since 
tissue has been destroyed, and the abscess be- 
comes enclosed in a wall of granulation tissue 
(the pyogenic membrane) which eventually 
matures to scar tissue. Pus can also form in a 
natural body cavity, such as the pleura or peri- 
toneum, without tissue destruction, as a result 
of pyogenic bacterial infection. 

A more detailed account of suppuration and 
its effects is given in Chapter 8. 


Fibrosis in acute inflammation 

Although acute inflammatory lesions fre- 
quently subside without leaving any significant 
residual changes, this is by no means always so. 
Formation of granulation tissue with conse- 
quent fibrosis or scarring is a common resultAlt 
complicates acute inflammation when there is 
necrosis of tissue or excessive deposition of 
fibrin and when acute inflammation persists 
and becomes chronic. 

Tissue necrosis. Inflammation has been de- 
fined as the reaction to injury of living tissue, 
but many injuries, e.g. bums or bacterial infec- 
tions, bring about necrosis of tissue. Obviously, 
inflammatory changes cannot occur in necrotic 
tissue, but inevitably the adjacent, surviving 
tissue is injured less severely and inflammation 
occurs in it. Accordingly, necrotic tissue is com- 
monly present in the centre of acute inflammatory 
lesions. The occurrence of such wholesale nec- 
rosis of tissue, as distinct from necrosis of single 
cells, precludes the possibility of return to normal. 
If the dead tissue is superficial, as in a bum, it 



Fig. 3.20 A dense layer of fibrin on the pleural sur- 
face, showing organisation, i.e. replacement by vas- 
cular granulation tissue, extending from the under- 
lying pleura, x 250. 
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usually becomes detached, leaving a gap in the fibrinogen, and frequently this is eomerted to 
surviving tissues. If deeper, it may be gradually insoluble fibrin which is deposited in the in- 
replaced by granulation tissue (a process termed flamed tissue. Fine strands of fibrin (Fig. .1.5, p. 
organisation), or it may be digested, as in sup- 48) are readily digested by proteolytic enzymes 
purating infection, leaving an abscess cavity. In in the exudate or removed by phagocytosis (p. 
all three instances, granulation tissue grows from 63 ). Larger deposits of fibrin, however, arc not 
the adjacent living tissue, and matures to fibrous readily removed in this way. but, like dead 
scar tissue. tissue, are more gradually replaced by granuia- 

It is worth noting that when tissue is excised, lion tissue (Fig. 3.20) by the process of organis- 
leaving a gap, or dies from ischaemia (lack of ation, with consequent scarring. This is com- 
blood supply), its place is usually taken by monly seen in acute inflammation of a serous 
fibrous tissue in the process of healing. The membrane, such as the pleura or pericardium 
fibrosis which follows necrosis of tissue in acute (Fig. 3.21), when a thick layer of fibrin is 
inflammatory lesions is thus an example of heal- deposited on the surface, and its subsequent 
ing. * organisation results in fibrous thickening. 

Organisation of fibrin. The inflammatory Chronic inflammation. Progression of acute 
exudate contains plasma proteins, including to chronic inflammation is described below. 



Big. 3.21 Acute pericarditis, showing a thick, irregular deposit of fibrin on the pericardial surfaces. Left. 
x 0-7; right, x 3. 


Chronic Inflammation 



Iiv contrast to tissue injury of short duration, ever, no generally accepted time limit beyond 
which induces a brief or acute inflammatory which an inflammatory lesion is regarded as 
prolonged tissue injury causes peras- chronic. To some extent, it depends on the 
Jtent* ox chronic inflammation* There is, how- nature of the disease process concerned: for 
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example a whitlow lasting for several weeks 
might well be regarded as chronic, as compared 
with the usual short course, while tuberculous 
lesions showing extensive spread within weeks 
are regarded as acute in contrast to those which 
smoulder on for months or years. 

An important feature of chronic inflamma- 
tion is the production of vascular granulation 
tissue, which matures into fibrous tissue. Such 
proliferative changes are in contrast to the 
exudative changes of the acute inflammatory 
reaction, but when acute inflammation fails to 
resolve and becomes chronic, the two processes 
are commonly associated. Even in an early 
stage of acute inflammation, some proliferation 
of fibroblasts occurs and, in general, the more 
chronic the inflammatory reaction, the more 
pronounced are the proliferative changes, and 
the greater the degree of ultimate fibrous scar- 
ring. 

Causes and types of chronic 
inflammation 

Inflammation is a response to tissue injury and 
soon subsides when the causal injury ceases. 
Acute inflammation is elicited by relatively 
intense injury which is usually brief, but in 
some instances it may persist, although in less 
intense form, and there is progression from 
acute to chronic inflammation. There are also 
many agents, both microbial and inanimate, 
which cause tissue injury which is prolonged, 
but of low grade from the start. 

Chronic inflammation may thus have an 
acute onset, or may develop more insidiously. 

Chronic inflammation with an acute onset 

The outstanding example of this is bacterial in- 
fection. Most acute bacterial infections are 
rapidly eliminated, and the tissue returns to 
normal or, if there has been tissue destruction 
or excessive fibrin deposition, replacement fib- 
rosis and scarring ensue. But in some instances 
the infection is only partly subdued in the acute 
stage, the bacteria survive in relatively small 
numbers and so the inflammation progresses to 
a chronic stage. This is exemplified by bacillary 
dysentery (infection of the colon), in which 


there is an acute exudative reaction in the 
mucosa of the colon. This may resolve or may 
progress to chronic inflammation in which 
the exudative changes are accompanied by 
patchy tissue destruction with ulceration of the 
mucosa, formation of granulation tissue and 
scarring. Another important example is pro- 
vided by pyogenic infection of a bone which, 
unless treated early and effectively, is likely to 
cause extensive necrosis of the bone. Bacteria 
persist within the dead tissue, where they are 
protected from the host’s defence mechanisms, 
and the infection may continue for years. 

It is particularly in this form of chronic in- 
flammation that the bacteria survive in foci and 
continue to promote an exudative reaction with 
emigration of polymorphs. From time to time 
the infection may flare up, with abscess for- 
mation. Such infected foci become enclosed in 
granulation tissue which may formjlarge masses, 
and which, as it ages, becomes converted into 
dense fibrous tissue. The granulation tissue is 
infiltrated with polymorphs, as^ in the acute 
stage, but also with macrophages, and with 
lymphocytes and plasma cells which reflect the 
host’s specific immune response to the infec- 
tion. 


Chronic inflammation of insidious onset 

Agents which cause low-grade but persistent 
tissue injury, and thus promote this form of 
‘primary’ chronic inflammation, fall into the 
following main classes. 

(a) Particulate material. This is phagocytosed 
by macrophages. If it is bland, e.g. suture material 
(Fig. 3.25), or carbon dust deposited in the lungs 
from polluted air, there is little or no fibrous 
reaction and the change can scarcely be regarded 
as inflammatory. More irritating particles, such 
as silica, may also be inhaled or may enter the 
tissues in dirty wounds or in the form of talc 
formerly used to lubricate surgical gloves.* This 
also stimulates phagocytosis by macrophages, 
but the silica dissolves very slowly within the 
phagolysosomes, yielding silicic acid which in- 
jures the macrophages in such a way that they 
secrete lysosomal enzymes and eventually die. 
The supply of macrophages is, however, main- 
tained by emigration of monocytes and, on 


* Starch powder, currently in general use to lubricate surgical gloves, has also been reported to'cause peritoneal in- 
flammation in some cases following abdominal operation. 
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release from dead cells, the panicles are in 
gested by fresh ones. These events are acconi 
panied by formation of abundant dense Itbnuis 
tissue. The stimulus to fibrogenesis is not 
understood, but Allison has suggested that it is 
induced as a consequence of leakage of lyso 
somal enzymes (see Allison, Hrxj. He lias 
demonstrated that various materials which 
induce such leakage when phagocjtosed by 
macrophages in cell culture induce fibrosis in 
vivo. 

The inflammatory response to fibrous sili- 
cates (asbestos) is similar to that of silica, Some 
other substances, e.g. particles of beryllium 
compounds, also promote chronic in- 
flammatory lesions in which it seems likely that 
a state of hypersensitivity is involved (see 
below.) 

(b) Microbial infections. Various bacteria and 
fungi cause chronic infections of insidious 
onset. Some of these organisms are remarkably 
non-toxic but can live and multiply within mac- 
rophages without destroying them. Unless the 
host develops a state of hypersensitivity to the 
organisms, the infected tissues become heavily 
infiltrated with macrophages containing huge 
numbers of the organisms. There is little or no 
fibrosis but such lesions are classed as chronic 
inflammation, partly because they arc infec- 
tions and partly because the host develops an 
antibody response which is reflected by the 
presence of lymphocytes and plasma cells, 
formerly regarded as ‘chronic inflammatory 
cells’, in and around the lesions. Examples in- 
clude lepromatous leprosy (Fig. 8.20, p. 215) 
and leishmaniasis (p. 564). 

Other bacteria, exemplified by the tubercle 
bacillus, are equally non-toxic but the features 
of the lesions are modified by the development 
of a state of delayed hypersensitivity by the 
host. This not only promotes killing of the bac- 
teria by macrophages, but results also in tissue 
injury with necrosis, granulation tissue forma- 
tion and scarring. The hypersensitivity reaction 
is a resuUof the host’s immune response and is 
characterised by infiltration of the lesions with 
lymphocytes mid increased numbers of macro- 
phages which adopt a characteristic appearance 
and atrangement (Fig. 8.13, p. 209). Similar 
changes ate seen in the tuberculoid form of lep- 
; tnsjTaud in the reaction to thie feggs of schistos- 
omal worms (Figy: 20.46, p. 698). ' 

i ' v 'fe''^any' ; ehrbnic infections, e.gf syphilis. 


th.-tr in iinmiv ik'siiu, (it’ll, ii'iiii.i'iitn it) granu* 

l.iiimi Iinsik' ,iiu! ,iyyi,’t!.!'.ii')i "1 ni.iaophugej!, 
Kmplutvvu-N and pl.tMii.i ...-Ik hm h in not yet 
kut'wn h«'\v link h ihi’ ds’siiuv live changes are 
due t ti'\k intuty by the organism and 

how imieh they an* the result ot the host’s 
Inpewnsimin, 

(c) Hypersensitivity reactions. 1 he important 
part played by hypersensitivity teaitions in 
some ehtome infections is noted ahovc Hyper* 
sensitivity to normal tissue constituents also 
occurs and is responsible tot ehtonic auto- 
immune thyroiditis, gastritis, etc, Such lesions 
produce important effects by destruction of the 
parenchyma of the affected organs. 

A form of chrome inflammation of the skin, 
termed contact dermatitis, is also a manifesta- 
tion of a hypersensitivity reaction: it occurs 
when various substances are absorbed into the 
skin, where they react with, ami modify, host 
proteins: in consequence, the host develops 
immunity and a state of delayed hypersensiti- 
vity to the affected skin, and this results in an 
inflammatory rash which may be chronic if 
exposure to the chemical responsible for it is 
prolonged. A good example is the nickel used 
in thimbles and in the fasteners of women’s 
underwear: slight solution of the nickel occurs 
on sweating and nickel compounds arc ab- 
sorbed and react with epidermal proteins. 

(d) Unknown agents. In some chronic inflam- 
matory diseases the causal agents remain 
unknown. Important examples arc sarcoidosis 
(p. 216) which produces lesions somewhat simi- 
lar to tuberculosis, and ulcerative colitis (p. 622) 
which may necessitate removal of the colon. 

The appearances of chronic 
inflammatory lesions 

From the examples given above, it will be ap- 
parent that chronic inflammation presents con- 
siderable histological variety. The features in- 
clude foci of acute exudative inflammation, 
sometimes with active suppuration, infiltration 
with polymorphs, macrophages, lymphocytes 
and plasma cells, necrosis, and formation of 
granulation tissue and dense fibrous tissue. 
(Figs. 3.22—3,25, 3.28) Variations result from 
the relative prominence of each of these fea- 
ture*, and on the site and distribution of the 
causal agent. Moreover, macrophages can pres- 
ent various appearances, not only dependent 




Fig 3.22 jZhronic inflammation: showing the con- 
fusing variety of cells. In this instance, they include 
plasma cells, lymphocytes and occasional poly- 
morphs, while the larger nuclei probably belong to 
macrophages and fibroblasts, x 820. 


vascular fibrous tissue infiltrated mainly with lym- 
phocytes. x 560. 

on the numbers which accumulate, but also on 
their arrangement and adoption of striking 


morphological features (p. 73). 



The macroscopic appearances are equally 
variable: abundant granulation or fibrous 
tissue can lead to tumour-like swellings or more 
diffuse enlargement; in other instances, loss of 
parenchyma and scarring are predominant, the 
tissue becoming firm and shrunken. If due to 
pyogenic infection, there may be sinus forma- 
tion with leakage of pus from underlying 
abscesses, and even without suppuration, nec- 
rosis may occur and extend to the skin or a 
mucous membrane, with consequent ulcera- 
tion. 

In some examples, the gross and/or micro- 
scopic features are sufficiently characteristic to 
suggest a specific diagnosis, but there are dan- 
gerous pitfalls: for example, several agents can 
give rise to changes readily mistaken for tuber- 
culosis, Accordingly, a firm diagnosis usually 
depends on the recognition of a specific causal 


Fig. 3,23 Chronic inflammation: showing newly agen1 ’ or on other procedures such as serological 
formed vascular fibrous tissue which is heavily in- tests for a particular infection. Sometimes spe- 
filtrated with macrophages (top left) lymphocytes cific bacteria or fungi , can be detected in the 
and plasma cells, x 300. lesions by their morphology and staining 
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properties, while anisotropic foreign material 
can be detected and sometimes identified by 
microscopic examination in polarised light 
(Fig. 3.25). 



Fig. 3.25 Foreign-body giant cells in a chronic in- 
flammatory reaction to suture material, viewed 
through partly crossed polarising films to show up 
the birefringent foreign material, x 250. 

Granuloma and granulomatous 
inflammation 

These terms are widely used, but with three dif- 
ferent meanings, 

Traditionally they are used to describe a 
chronic inflammatory lesion in the form of a 
mass and thus grossly resembling a tumour: 
hence the suffix-oma which is usually reserved 
for true tumours. Such inflammatory masses 
are usually due to infection (infective granul- 
omas): they are usually composed largely of 
granulation and fibrous tissue, but may contain 
foci of suppuration, or may consist mainly of 
aggregated macrophages as in lepromatous lep- 

; M*cendy there has been an increasing teh- 
4*^.# Btnit the use of ‘granuloma’ to lesions 


composed largely of macrophages, or even to 
restrict it further to mean the collection of al- 
tered macrophages (epithelioid and giant cells) 
found in the tubercles of tuberculosis (Fig. 
K.13, p. 209) and similar, non-tuherculous les- 
ions. Since tubercles are often barely visible to 
the naked eye and do not contain granulation 
tissue, this is an important change of meaning 
which does, however, seem likely to be gen- 
erally accepted. Meanwhile, it is advisable to 
indicate this usage by such terms as macro- 
phage granuloma, epithelioid cell or tuberculoid 
granuloma. 

Finally, a number of heterogeneous entities 
are called granulomas, e.g. malignant granul- 
oma of nose or midline granuloma, (a lesion 
with histological features of chronic inflam- 
mation which resembles a tumour in its infiltra- 
tion and destruction of tissue). Wegener's 
granuloma (due to a polyarteritis) and eosino- 
phil granuloma of hone (a mass consist- 
ing mainly of eosinophil leukocytes). These 
terms are distinctive enough to avoid confus- 
ion. 

Effects of chronic inflammation 

When due to an infection, chronic inflamma- 
tion is a protective process. Granulation tissue 
forms a barrier to bacteria and their toxins and 
provides numerous small vessels from which 
exudation and emigration of leukocytes can 
continue. In many instances, as explained 
above, chronic inflammation is due partly to a 
delayed hypersensitivity reaction to micro- 
organisms. This is a defensive process which 
nevertheless causes tissue injury, and it is often 
difficult to know whether tissue injury is due to 
the invading bacteria or to the host’s reaction 
to them. When chronic inflammation results 
from hypersensitivity to otherwise harmless 
chemicals, e.g. in contact dermatitis, it seems to 
subserve no useful function, and the same ap- 
plies to the chronic inflammation of auto- 
immune thyroiditis, etc. ' 

In some instances of chronic inflammation 
with features of hypersensitivity reactions, the 
causal agent is unknown, and although the in- 
flammation causes tissue injury it may con- 
ceivably help to suppress a causal micro- 
organism as yet unidentified. Sarcoidosis (p. 
216), Crohn’s disease (p. 620) and rheumatoid 
arthritis (p, 917) fall into this category. 


The fibrous tissue which is formed in chronic 
inflammation may induce serious effects by 
constricting orifices and tubes- -for example, 
the mitral valve in chronic rheumatic fever (p. 
417) or the small intestine in Crohn’s disease 
(p. 620). Chronic inflammation of internal 
organs is usually accompanied by loss of 
parenchymal cells, and this, together with ir- 
regular fibrosis, results in shrinkage, irregular 
scarring and distortion. Commonly the sur- 
face becomes uneven, with a fine or coarse 
granularity: this is particularly well seen 
in cirrhosis of the liver (Fig. 20.31, p. 685), 
where the irregularity is accentuated by pro- 
liferation and enlargement of surviving liver 
cells. 

In some instances, the fibrous tissue pro- 
duced in chronic inflammation may have 
a useful function: for example, walling off 
chronic infections, or strengthening the aorta 
weakened by loss of muscle and elastic tissue in 
various forms of arteritis. 


Types of Cell in Inflammatory 


Polymorphonuclear leukocytes 

Neutrophil polymorphs. The origin and mor- 
phology of these cells are described on p. 184 et 
seq. Their migratory activity has already been 
considered and their roles in the defence 
against micro-organisms and in Arthus type 
hypersensitivity reactions are dealt with in later 
chapters. 

Eosinophil polymorphs. The accumulation of 
these cells in inflammatory lesions is closely 
associated with hypersensitivity reactions, in 
which they may play a modulating role (p. 
148). They are observed particularly in the les- 
ions of bronchial asthma, in the tissues around 
metazoan parasites, in certain skin diseases, 
and in various lesions of the gastro-intestinal 
tract. Intense local accumulation of eosinophils 
is commonly associated with eosinophil 
leukocytosis in the blood and there is recent 
evidence to suggest that this is mediated by an 
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Other causes of fibrosis 

While fibrosis is an important feature of 
chronic inflammation, it may result from other 
causes. As stated above, fibrosis is the usual 
method of repair when tissue has been lost, and 
occurs in the removal of deposits of fibrin by 
organisation. Unless dissolved by fibrinolytic 
enzymes, thrombus in blood vessels is also re- 
placed by fibrous tissue. These processes are 
dealt with in the next chapter. 

When the blood supply to a part is gradually 
diminished by arterial disease, atrophy of the 
specialised cells may be accompanied by over- 
growth of the supporting tissue. Similarly, 
death of tissue resulting from sudden occlusion 
of an artery, e.g. by thrombosis, is followed by 
replacement of the dead tissue by fibrous tissue. 
Patches of fibrosis of this nature are commonly 
seen in the myocardittsjJThese effects of defi- 
cient blood supply (ischtmmi*) are described in 
Chapter 9. e 


Lesions 


immune response. The thymic-dependent lym- 
phocytes which respond to antigenic stimula- 
tion, e.g. by a parasitic worm, in some way 
stimulate the proliferation of eosinophil pre- 
cursors in the bone marrow. 

Lymphoid cells 

Lymphocytes accumulate in chronic in- 
flammatory lesions and their presence in large 
numbers is suggestive of either a delayed hyper- 
sensitivity reaction or possibly of antibody- 
dependent lymphocyte cytotoxicity. These phe- 
nomena are described in Chapters 5 and 6. 

The presence of plasma cells in inflamed 
tissues, as elsewhere, is indicative of antibody 
production: they do not usually appear until 
about a week after onset of inflammation and 
are present in greatest numbers in persistent 
lesions caused by bacteria. Their origin and 
function are described in Chapter 5. 



72 Inflammation 

Macrophages: the mononuclear phagocyte system 


The terms macrophage and mononuclear 
phagocyte were applied by Metchnikoff, in 1905, 
to large phagocytic cells, which he distinguished 
from the smaller phagocytic neutrophil poly- 
morph. In 1924, Aschoff described investiga- 
tions on tissue cells based on vital staining, i.e. 
the ingestion of droplets of fluid (pinocytosis) 
containing non-toxic dyes bound to protein, 
and concentration of the dye in the cell cyto- 
plasm. While many cells did this, Aschoff noted 
particularly intense staining of cells in the 
lining of vascular and lymphoid sinusoids, 
reticular cells of the spleen and lymph nodes, 
and scattered cells lying in connective tissues. 
He grouped these cells together under the term 
reticulo-endothelial system. From this grouping, 
the macrophages have emerged as cells which, 
although widely dispersed through the body, 
share a common origin and have certain well- 
defined functions. Accordingly the term ‘mono- 
nuclear phagocyte system’ is being used increas- 
ingly for macrophages and their precursor cells. 
The term ‘reticulo-endothelial system’ is no 
longer appropriate: reticular cells and endoth- 
elial cells lining blood vessels are quite distinct in 
their origin and functions. 


Cells of the system 

Macrophages may be recognised by the avidity 
with which they engulf particulate material of 
various kinds (Fig. 3.26) the firmness with 
which they adhere to a glass surface, both in 
vivo and in vitro , and their morphological differ- 
ences from the other ‘professional’ phagocyte, 
the neutrophil polymorph. 

Cells of the mononuclear phagocyte system 
are scattered widely throughout the body. In 
some sites they are normally inactive and in- 
conspicuous but axe capable, on stimulation, of 
enlargement, increased metabolism, and the 
active phagocytic role of the macrophage. Cells 
of the system include the following (van Furth (*) 


(*) Tfr? Kupffer cells, which form part of the 
of the hepatic sinusoids; similar 
cob m the vascular sinusoids of the bone 



Fig. 3.26 Section of mouse liver following an in- 
travascular injection of colloidal carbon. The hepatic 
macrophages (Kupffer cells) are black because of the 
large amount of carbon which they have phago- 
cytosed. x 300. 


marrow, spleen, adrenal cortex and 
adenohypophysis, and in the lymphatic 
sinuses of lymph nodes, 

(2) Cells in the spaces of the network formed 
by the reticular cells in the medulla of 
lymph nodes and red pulp of the spleen. 

(3) Cells on the surface of the serous cavities. 
These are particularly numerous in the 
omentum, where they are aggregated to 
form the ‘milk spots’. 

(4) Alveolar macrophages lying free on the 
surface of, and also within, the alveolar 
walls. 

(5) Histiocytes in connective tissues, osteo- 
clasts in bone, and microglial cells of cen- 
tral nervous tissue. 

(6) The monocytes of the blood and their 
precursors (monoblasts and promono- 
cytes) in the bone marrow. 
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Kinetics of mononuclear phagocytes 

In experimental animal studies, it has been 
shown that the monocytes are produced in the 
bone marrow, circulate in the blood for a few 
days, and are the precursors of the cells listed 
in 1-5 above, which may per&fet for months or 
possibly years. The fate of the mononuclear 
phagocytes is not known. There is some evid- 
ence that they may re-enter the blood and pass 
to the lungs, to be excreted via the bronchi. 

The kinetics of macrophages in inflam- 
matory lesions have been studied extensively by 
Spector and others (see Spector and Mariano, 
1975). In various types of granulomatous in- 
flammation, and in various tissues, it has been 
shown that most of the macrophages are provi- 
ded by migration of monocytes. Their life-span 
in chronic inflammatory lesions has been found 
to vary depending on the causal agent. With 
relatively strong cytotoxic agents, macrophage 
turnover is rapid, a continuous supply from the 
blood being necessary to maintain the macro- 
phage population of the lesion. With more 
bland agents, turnover is much slower (i.e. 
weeks), and mitosis of macrophages in the 
lesion may be almost sufficient to maintain the 
population. Curiously, mitosis of macrophages 
from inflammatory lesions is accompanied by a 
high incidence of chromosomal abnormalities 
which, by precluding further divisions, must 
limit their local proliferation. 

Morphology of macrophages 

Macrophages are motile cells and can assume 
polarity and various shapes. They have an oval, 
indented or irregular nucleus, abundant cyto- 
plasm rich in lysosomes, and surface microvilli 
(Fig. 3.27). Phagocytic vacuoles, if present, are 
helpful in their recognition. Macrophages vary 
greatly in size (Fig. 3.28): they are usually 
larger than monocytes, but in the resting state 
they may closely resemble lymphocytes (e.g. in 
the peritoneum) and distinction can be made 
by histochemical demonstration of macrophage 
cytoplasmic enzymes. 

Monocytes may be regarded as immature 
macrophage precursors which, on stimulation, 
transform to macrophages. The change in- 
volves increase in motility, size and phagocytic 
activity: cytoplasmic RNA and lysosomes in- 
crease, and the nucleus becomes larger and less 



Fig. 3.27 An electron micrograph of part of a macro- 
phage, showing microvilli (top) and a portion of the 
nucleus (right centre ). The cytoplasmic dense bodies 
(black) arfe phagosomes formed by the fusion of 
lysosomes with phagocytic vacuoles and the ‘empty’ 
spaces are dilated endoplasmic reticulum, x 9000. 

condensed. Similar changes have recently been 
demonstrated by Wynne et al. (1975) when in- 
flammatory exudate is added to cultures of 
macrophages (Fig. 3.29). 



Fig. 3.28 Macrophages of various sizes in the wall 
of a chronically inflamed gallbladder. Note the 
ovoid or indented nucleus and abundant cytoplasm, 
x 405. 
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Fig. 3.29 Mouse peritoneal macrophages in culture, viewed by phase-contrast microscopy. Inflammatory 
exudate has been added to the culture shown on right. Note the increase in si/e, content of (phase-dense) 
lysosomes and (phase-lucent) vesicles and extensive cytoplasmic 'ruffling* of the stimulated cell. » %0, 
(Professor W. G. Spector and Mrs. Katherine M. Wynne.) 


In chronic inflammatory lesions, macro- 
phages may assume the special features of epith- 
elioid cells or of giant cells. Change to epith- 
elioid cells (so-called because they have some 
resemblance to epithelial cells) involves an in- 
crease in the amount of cytoplasm and in 
rough endoplasmic reticulum: epithelioid cells 
are not actively phagocytic, and they may have 
a secretory function. 

The factors responsible for change of macro- 
phages to epithelioid cells are not fully under- 
stood: it is seen in immunological reactions of 
delayed hypersensitivity type, and may there- 
fore be mediated by lymphoid cells: the same 
factors may be concerned in formation of 
Langhans’ giant cells (see below) for these are 
usually associated with epithelioid cells. 

Giant cells. It is common to see macrophages 
with two or more nuclei, but they can fuse 
together to form very large giant cells with 
sometimes over 100 nuclei. Such cells are 
usually classified into foreign-body giant cells, 
which have irregularly scattered nuclei, and 
Langhans’ giant cells, in which the nuclei are 
arranged peripherally (Fig. 3.30). Spector has 
studied giant-cell formation by monocytes in 
tissue culture. At first they resemble foreign- 
body giant cells, but may later develop the fea- 
tures of Lp^aas’ ceils. 


The osteoclasts, which digest bone matrix in 
the process of bone resorption, appear to be 
formed by coalescence of monocytes, and thus 
represent specialised cells within the macro- 
phage system. The influence of the local en- 
vironment on macrophages is also illustrated 
by the alveolar macrophages, which require 
oxygen for full phagocytic activity, whereas 
macrophages elsewhere can produce the neces- 
sary energy solely by glycolysis under an- 
aerobic conditions. 

Macrophage functions 

The major function of the macrophage is 
phagocytosis and destruction of micro-orpn- 
isms and other harmful or unwanted material. 
The general features of their scavenging role in 
inflammation arc considered on p. 63 and their 
protective role in infection on pp. I HO 81, 
Macrophages also have the important physio- 
logical role of removing dead or effete cells. 
For example they are responsible for taking up 
degenerate erythrocytes: they break down the 
cell and its haemoglobin, and release the iron, 
etc. for reutilisation. 

Macrophages are capable of ingesting large 
amounts of insoluble material (Fig. 3.26), and 
of retaining it for months or even years. This 




Fig. 3.30 Multinucleated giant cells formed by 
fusion of macrophages. The upper cell is a Langhans’ 
giant cell in a tuberculous lesion: note the peripheral 
arrangement of the nuclei and abundant cytoplasm. 
The lower cell is a foreign-body giant cell: the nuclei 
vary in size and are irregularly distributed, and the 
cell has engulfed a fragment of suture material, 
x 750. 
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happens when, for various reasons, abnormal 
amounts of lipids (p. 28) or iron accumulate in 
various tissues, or when dust particles are 
inhaled in atmospheric pollution. These con- 
ditions of abnormal storage are described in 
later chapters, in relation to the organs and 
tissues they most affect. 

Other functions of the mononuclear phago- 
cytes include the secretion of factors which 
stimulate fibrosis (p. 68), production .of some 
of the components of complement (p. 142), 
participation in immune responses (p. 134) and 
the production of endogenous pyrogen in pyre- 
xia (p. 189), and of colony stimulating factor 
which promotes proliferation and maturation 
of polymorph and monocyte precursors (p. 
187). 

Other cells in inflammation 

Serosal cells. In acute inflammation of a 
serous surface, cells on or near the surface en- 
large and often pass into the exudate at an 
early stage. They include macrophages and 
endothelial lining cells. In more chronic inflam- 
mation, the latter cells may grow in clumps in 
the fluid exudate in the cavity, and may show 
nuclear abnormalities and mucin secretion. In 
aspirated fluid, they are sometimes very diffi- 
cult to distinguish from cancer cells. 

Fibroblasts are seen in most acute inflamma- 
tory lesions, but their presence in large num- 
bers is associated with chronic inflammation 
and repair. They are considered in the next 
chapter. 
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Healing (Repair) and Hypertrophy 


Healing 


Reaction of tissues to injury varies greatly in 
different species of animals and in different tis- 
sues. Regeneration, i.e. the replacement of a 
single type of parenchymatous cell by produc- 
tion of more cells of the same kind may be seen 
in man but different tissues vary in their re- 
generative capacity. A helpful guide to the ex- 
pected reaction to damage of any tissue is given 
by the division of somatic cells into three 
types. 

(a) Labile cells are those which under normal 
conditions continue to multiply throughout life 
and include epidermis, alimentary, respiratory 
and urinary tract epithelium, uterine endome- 
trium and the haemopoietic bone marrow and 
lymphoid cells. 

(b) Stable cells normally cease multiplication 
when growth ceases but retain mitotic ability 


during adult life so that some regeneration of 
damaged tissues may occur. This group in- 
cludes liver, pancreas, renal tubular epithelium, 
thyroid and adrenal cortex. 

(c) Permanent cells lose their mitotic ability 
in infancy and the classic example of this group 
is the neuron. 

In many instances healing of an organ or 
tissue occurs by regeneration, the cells lost 
being replaced by proliferative activity of those 
remaining. However, when the injury involves a 
cell type inherently incapable of this or when 
other factors, e.g. interruption of blood supply, 
prevents restoration, healing occurs by the 
formation of a fibrous scar the develop- 
ment of which is best illustrated by the 
healing of a wound of skin and subcutaneous 
tissue. 


Healing of skin wounds 


Healing by first intention 
(primary union) 

Primary union occurs when uninfected surgical 
incisions and other clean wounds without loss of 
tissue are closed promptly, e.g. by sutures. (Fig. 
4.1 A) It is characterised by the formation of 
only minimal amounts of granulation tissue. It 
is a rapid process and contrasts with healing by 
secondary intention which occurs in an open 
wound, the edges of which are not brought 
together by sutures (Fig. 4. IB). Wound infec- 
tion also prevents healing by first intention. 
The sequence of events in healing by first inten- 


tion is as follows: blood clots between the 
wound edges and on the surface where it dries 
to form a protective scab. While removal of 
clot and dead tissue is occurring, firstly by the 
action of polymorphs and later of macro- 
phages, there is a rapid spread of epithelium 
beneath the scab to bridge the wound surface 
within the first two days. Within 3 to 5 days 
capillaries and fibroblasts grow in beneath the 
epithelium, and collagen formed by the fibro- 
blasts begins to bind the wound edges together 
by the end of the first week, reaching a maximum 
in two or three weeks. Thereafter wound 
strength slowly increases over many months. 


77 



78 Healing ( repair ) and hypertrophy 


The wound clot and its removal 

When an incision is made in the skin and sub- 
cutaneous tissue, blood escaping from cut ves- 
sels clots on the wound surface and fills the gap 
between the wound edges which, in sutured 
wounds, is narrow. The fibrin in the blood clot 
acts temporarily as a glue which holds the cut 
surfaces together, while the dehydrated blood 
clot on the surface forms a scab which effec- 
tively seals the wound. Excess of blood clot 
deeper in the wound delays healing, for it 
greatly increases the risk of infection and if not 
evacuated, will only slowly be converted to fib- 
rous tissue (see organisation, p. 98). During 
the first 24 hours, there is a mild inflammatory 
reaction at the wound edges with exudation of 
fluid and migration of polymorphs and later of 
monocytes and lymphocytes. Blood clot is di- 
gested by enzymes from disintegrated poly- 
morphs and this is aided from about the third 
day by macrophages, derived mainly from 
blood monocytes, which ingest and digest any 
remaining fibrin, red cells and cellular debris, 
converting macromolecules into useful amino 
acids and sugar. The macrophages, which are 
the dominant cell by 72 hours after wounding, 
probably also play an important part, perhaps 


along with platelets, in attracting fibroblast 
precursors into the wound and in stimulating 
their proliferation. They may also promote the 
formation of new blood vessels (see below). 
These changes represent the acute in- 
flammatory (exudative) phase of response to 
injury and are usually mild unless infection 
supervenes. 


Epithelial regeneration 

The first tissue to bridge the incisional gap is 
the squamous epithelium of the epidermis. 
Within 24 hours and extending from 2 4 mm 
around the wound edge there is enlargement 
and flattening of the basal cells with loss of 
prominence of rete ridges. Two processes then 
contribute to the closure of the gap. Close to 
the cut edge, cells from the deeper part of the 
epithelium begin to slide over each other; they 
migrate out over the wound surface and 
become flattened to form a continuous advanc- 
ing sheet. Proliferation also occurs, mainly 
among basal cells in the epidermis and pilo- 
sebaceous follicles adjacent to the wound. 
Mitosis is rarely seen in the migrating cells but 
occurs later in the new epithelium. While the 


A 




F, 8- 4.1A. Healing by first intention (sutured surgical incision). Immediately after injury (a) the wound fills 
with blood clot and a scab forms on the surface. Epithelium which has grown from each side of the wound 
joins together within about two days (b) and later forms a spur of epithelium. A little granulation tissue 
grows into the wound (c). The collagen formedtby the fibroblasts in the granulation tissue unites the wound 
edges. The epithelial spur resorbs and the epithelium does not re-form rete ridges. The narrow fibrous scar 
gradually becdlbes less vascular (d). 

fe y second intention (open excised wound). After injury the wound fills with dot (a). 
fcpHtefetasa begins to extend pnder the dot and abundant granulation tissue grows into the base of the 
** Contraction of the wound occurs and the epithelium finally completely covers the base of the 
wound (c), The vascularity of this more bulky fibrous scar gradually dimin i sh e s (d). 







Healing of skin wounds 79 


advancing edge of the sheet of new epidermis 
consists of a single layer of flat cells, the older 
part at the periphery of the wound becomes 
stratified so that there is a gradient of 
thickness. The cells will only migrate over 
viable tissue. They burrow beneath the super- 
ficial part of the blood clot and wound debris, 
down the cut edges of the dermis; by their pro- 
teolytic enzymes, they cleave a path between 
dead and living collagen iibres (tigs. 4.1 A and 
4.2). Within 48 hours the wound may be brid- 
ged by epithelium which rapidly becomes stra- 
tified but does not form rete ridges (Figs. 4.3, 
4.8). Any epithelium which has grown down 
into the dermis is later resorbed (Fig. 4.1 A). 



Fig. 4.2 Aseptic abdominal wound showing the 
stage of healing at five days. The incision is repre- 
sented merely by a vertical cellular line. The round 
body on the surface is a small scab beneath which 
the epithelium has extended down to cover the 
dermis, x 105. 

Suture trucks. Each suture track is a wound, 
with haemorrhage, death of cells and injury to 
skin appendages, and in consequence there is a 
slight inflammatory reaction and fibroblast 
proliferation (Fig. 4.4). Because the suture pre- 
vents closure of the surface epithelium the track 
is prone to infection and ‘stitch abscesses’ are 
commoner than sepsis of surgical incisions. 



Fig. 4.3 Newly formed epithelium on healed ulcer. 
The epithelium is several cells thick, but there is little 
differentiation, and there is no formation of rete 
ridges. A similar appearance is seen in a healed 
surgical incision, x 400. 



Fig. 4.4 Diagram of suture track a few days after 
wounding and before removal of sutures. In the 
centre of the picture the healed epithelium still forms 
a small projection into the dermis and beneath it the 
more cellular vertical Iinei of the "healing wound is 
seqpf^ 

The surface epithelium and that from a damaged 
hair follicle have grown along the suture track which 
is open Jo the skin surface and is lined by a layer of 
fibrin containing polymorphs. There is more vascu- 
lar and fibroblastic proliferation around the suture 
track than around the original wound. 
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Epithelium also tends to grow down suture 
tracks from both ends (Fig. 4,4). Often much of 
the epithelium is avulsed when stitches are re- 
moved but some may remain and occasionally 
gives rise either to a small implantation cyst or 
to a subacute inflammatory reaction to keratin, 
which may simulate infection. 

Repair of the dermis and subcutaneous tissue 

These tissues heal by proliferation of new 
blood vessels and fibroblasts to form 'granula- 
tion tissue', probably under the influence of 
stimulating factors released by macrophages. 
From about the third day, vascular proliferation 
is seen as capillary sprouts, which grow from 
blood vessels at the wound margins (Fig. 4.5), 
and advance up to 2 mm per day into the 
wound: the capillary sprouts are produced 
partly by rearrangement and migration of pre- 
existing endothelial cells and partly by their 
proliferation just behind the advancing tip. The 


sprouts are often solid at first, but they unite 
with one another or join a capillary already 
carrying blood and develop a lumen. These 
newly formed capillaries are very delicate (Fig. 
4.12), have an incomplete basement membrane 
and behave as if acutely inflamed: they leak 
protein-rich fluid with escape of some red cells, 
and polymorphs emigrate from them. It has 
been observed in rabbits that if blood flow is 
not soon established through a new vessel then 
the lumen disappears, the vessel reverting to a 
solid cord which then breaks and the ends 
retract by sliding back of endothelial cells to 
the nearest vessel carrying blood. Within a few 
days of the establishment of circulation, some 
of the new vessels differentiate into arterioles 
and venules by the acquisition of muscle cells 
either by migration from pre-existing larger 
blood channels or by differentiation from mes- 
enchymal cells. 

Lymphatic channels are re-established in the 
same manner as blood vessels. 




Fig. 4.6b Fibroblasts in a healing wound, showing 
' the characteristic shape and early formation of col- 
lagen fibrils, x 350. 


cular connective tissue and begin to proliferate 
and to move into the wound. Within a few days 
fibroblasts thus come to lie in the wound: they 
produce both type I and type III collagen (see 
below), synthesis being greatest at about 7 
days. The collagen fibres come to lie across the 
incision line and help to unite the cut edges 
from about the end of the first week after 
injury. Proteoglycan ground substance, also 
secreted by the fibroblast, may play an impor- 
tant role in determining fibre size and direction 
and also later in enhancing crosslinks between 
collagen molecules (see below). By the third 
week the total amount of collagen in the 
wound has almost reached a maximum. In 
contrast, at this stage the tensile strength of the 
wound is still low, but it increases over many 
months by further intermolecular bonding be- 
tween collagen fibrils and by remodelling of the 
anatomical configuration of the collagen in re- 
sponse to mechanical stress. Such remodelling 
involves collagen turnover, i.e. synthesis and 
lysis which occurs also in normal (unwounded) 
tissues (see below). 
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While healing of a wound by fibrous tissue 
is clearly beneficial, in some tissues it may also 
have harmful results, for example narrowing of 
the oesophagus, stenosis of the mitral valve, or 
stricture of the urethra. Attempts to modify the 
fibrotic process by inhibiting collagen forma- 
tion, promoting its destruction or altering its 
metabolism by drugs so far have not been very 
effective. 

Collagen synthesis. Collagen is synthesised and 
secreted by fibroblasts in soluble form, and depos- 
ited extracellularly. As with secretory proteins in 
general, the polypeptide chains of collagen (pro-a- 
chains) are formed on the ribosomes with N and C 
terminal extension peptides. A distinctive feature of 
collagen synthesis is the conversion of proline and 
lysine residues on the growing polypeptide chains to 
hydroxyproline and hydroxylysine residues. This 
enzymic hydroxylation requires Fe ++ , 0 2 , ascorbic 
acid and a-ketoglutarate. Glycosylation of some of 
the hydroxylysine residues then occurs. In the cis- 
ternae of the endoplasmic reticulum pro-a-chains are 
converted to pro-collagen by the formation of di- 
sulphide bonds and they begin to assume a tri-helical 
structure. The pro-collagen molecules, of which 
there are several types, are stabilised by hydroxy- 
proline and are secreted via the Golgi apparatus. 
Outside the cell the N and C extension peptides, 
which do not assume the helical form, are removed 
in some types of collagen by pro-collagen peptidase. 
This drastically alters the properties of the molecule 
which precipitates as tropocollagen. The tropocol- 
lagen molecules, which are rigid rods of 290 x l-4nm, 
align side by side, probably in fives, staggered at a 
quarter of their length to produce a fibril with a 64 
nm periodicity on electron microscopy (Fig. 4.7). 
The acquisition of tensile strength of the fibrils is 



Fig. 4.7 Collagen fibres are seen here in longitudi- 
nal section. The characteristic, regular cross banding 
is evident, x 65 000. 
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Table 4.1 Types of collagen 

Type Molecular form Tissue 


I 

II 

III 

IV 


Two identical chains 
al(I) 2 and one a2 

Three identical chains 
unique to itself a 1(11).,. 

Three identical chains 
unique to itself al(lll) 3 

Three identical chains 

unique to itself al(IV) 3 

but perhaps a heterogeneous group 


Dermis, tendon, bone, dentin, cornea (stains red with Van 
Gieson, green with Masson and blue with Mallory stains for 
collagen ). 

Cartilage. 

Embryonic dermis (and about 10-15% of adult) - early scar 
tissue, granulomas, cardiovascular tissue, synovial membrane 
(stains with silver nitrate as reticulin). 

Basement membrane (almost amorphous and does not 
show the typical banded structure on electron-microscopy). 


dependent on the formation of co-valent links, 
mainly of aldemine and keto type. Increase in 
strength results from further alterations in the extent 
and nature of intermolecular crosslinkage. 

Types of collagen. There are at least four dif- 
ferent types of collagen derived from different 
structural genes (see Table 4.1). All have the 
triple helical configuration and types I, II and 
III have an identical appearance, banded at 64 
nm, on electron microscopy. (Fig. 4.7). 

The time needed for their synthesis and sec- 
retion varies as does their susceptibility to the 
various collagenases bringing about collagen 
lysis. While many tissues contain more than one 
type of collagen (e.g. adult dermis contains type I 
and about 10-15% of type III), mixed fibres are 
not found. Initially in a healing scar there are 
more type III (reticulin) fibres than in adjacent 
skin but later these are replaced by type I fibres. 

Collagen lysis. Collagenases are formed, at 
the site where they are required, e.g. in healing 
wounds, by macrophages, polymorphs and re- 
generating epidermal epithelium. The colla- 
genase is secreted directly onto the fibre by a 
closely apposed cell and this splits the fibre so 
that fragments may be ingested by macro- 
phages. Splitting is more likely to occur in 
fibres with few or unstable cross links. Within 
the phagosomes, the fragments are broken down 
to amino adds or small peptides. In the healing 
wound, lysis occurs in the early stage of cleaning 
up the damaged collagen at the wound face and 
for a deipth of about 7 mm into the surrounding 
tissue. There is also breakdown and replacement 
of much of the collagen first formal: wound 
remodelling continues for six months to a year. If 
thebalanoe between synthesis and lysis is upset by 
Starvation, sepsis, or deficiency of specific protein 


or of oxygen, then the wound collagen may be 
extensively digested. 

Events following primary wound healing 

Once the wound has healed the young scar is 
commonly raised above the surface due to the 
underlying proliferative processes and is red as 
a result of increased vascularity. The blood ves- 
sels gradually decrease in number, probably in 
the manner already described, and the amount 
of collagen may also diminish. Elastic fibres are 
formed much later than collagen (Fig. 4.8). 
Sensory nerves may grow into the scar in about 
three weeks but specialised nerve endings such 
as Pacinian corpuscles do not re-form. The end 
result of healing by first intention should be a 
pale linear scar, level with the adjacent skin sur- 
face, but sometimes a hypertrophic scar or 
keloid forms (p. 342). 



Fig. 4.8 Healed surgical wound of skin of 14 days’ 
duration. The elastic fibres are stained black, and the 
healed wound is seen in the centre: it Is composed of 
connective tissue in which elastic fibres have not yet 
formed, x 5. 


Healing by second intention 
(secondary union) 

Healing of an open gaping wound with loss of 
tissue or of an infected closed wound occurs by 
the formation of granulation tissue which 
grows from the base of the wound to fill the 
defect. The vascular and fibroblastic prolifera- 
tion which together make up the granulation 
tissue are much more abundant and healing 
takes much longer than when it occurs by first 
intention (Fig. 4.1 B). Skin grafts are increas- 
ingly used to speed the healing of open 
wounds. 

Clean open wounds. As in the closed wound 
there is haemorrhage and exudation of fibrin 
from the cut surfaces. This is soon followed by 
a much greater emigration of polymorphs and 
subsequently of macrophages, from vessels in 
the wound: by enzymic action and phagocyto- 
sis these cells soften and remove the fibrin and 
other debris. As in the incised wound, epithelial 
cells at the margins enlarge and begin to mi- 
grate down the walls of the wound in the first 
day or two after injury. Migration and prolifer- 
ation together produce a sheet of cells which 
advances in a series of tongue-like projections 
beneath any remaining blood clot or exudate 
on the wound surface. As the single layer of 
cells moves inwards towards the wound centre, 
there is stratification of the cells near to the 
wound margin (Fig. 4.9). Since the denuded 



Fig. 4.9 Granulating wound with early growth of 
epithelium over the surface. The epithelium is grow- 
ing from the right-hand side and tapers off as a thin 
layer, x 400. 
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area is large, the advancing epithelial sheet does 
not completely cover the wound until the gran- 
ulation tissue from the base (see below) has 
started to fill the wound space. Care should 
always be taken, in removing adherent dress- 
ings from an open wound, because the delicate 
epithelium is easily ripped off. As soon as the 
wound surface is covered, epithelial cell migra- 
tion ceases and proliferation, stratification and 
keratinisation are rapidly completed, though 
rete ridges are not re-formed. 

When the full thickness of the skin is des- 
troyed by a burn re-epithelialisation is slow 
for the cells, with the help of their collagenases, 
have to burrow beneath the thick layer of dead 
coagulated collagen. In contrast, in a burn 
which destroys only part of the skin thickness, 
in a superficial wound or the donor site of a 
‘split thickness’ skin graft, re-epithelialisation 
is relatively rapid as proliferation of epithelium 
occurs not only from the wound edge but also 
from the cut mouth of each pilosebaceous fol- 
licle. In man, slower and less perfect epithelial 
regeneration occurs from sweat gland ducts. If 
skin appendages are destroyed they are not re- 
formed. 

Although epithelium shows the first evidence 
of reparative activity, within a few days the 
pre-existing vessels in the wound bed produce 
vascular sprouts which grow upwards, forming 
loops and coils near the wound surface (Fig. 
4.10), giving it a red, granular appearance — 
hence the term ‘ granulation tissue' (Fig. 4.11.) 
From these new, more permeable vessels (Fig. 

4.12) , small haemorrhages occur and poly- 
morphs migrate, reinforcing those already pre- 
sent in the exudate on the wound surface and 
helping to keep down bacterial growth. At the 
same time as the new capillaries form, fibro- 
blasts, some of which are in mitosis, are seen in 
the base and walls of the wound, often running 
parallel to the new capillary walls (i.e. towards 
the wound surface). This fibrovascular granula- 
tion tissue continues to proliferate and to fill 
the wound space only until epithelium grows 
over its surface, when the exudative inflamma- 
tory changes and the migration of polymorphs 
also subside. Later the fibroblasts may become 
orientated parallel to the wound surface (Fig. 

4.13) and about the end of the first week col- 
lagen is produced and rapidly increases in 
amount. If epithelialisation is delayed, e.g. by 
further trauma or infection, granulations may 
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Fig. 4.10 Granulating wound showing the vertical 
lines of newly formed blood vessels, x 1 50. 



Fig. 4.11 Granulating wound of 12 days’ duration. 
The advancing epithelial margin is seen as the dark 
surface layer on the right. Granulation tissue pro- 
jects from the floor of the wound, and can be seen to 
contain many small blood vessels, x 10. 

pout from the wound surface. Following heal- 
ing, there is gradual retraction and disappear- 
ance of some of the new vascular channels and 
further crosslinking and remodelling of col- 
lagen (see above) which, over a period of 
months, becomes progressively less cellular. 

Healing pf an open, excised wound is aided 
by contraction of the surface area in sites where 
tfee skih is mobile and loosely attached to 
■hntjeriying tissue. All edges of the wound do 



Fig. 4. 12 Newly formed thin-walled blood vessels in 
a granulating wound, the surface of which is to the 
top. x 150. 


not move together to the same extent, the 
degree of contraction being related to skin ten- 
sion. This movement of the edges towards the 
centre of the wound is brought about by con- 
traction of the fibroblasts which are now ac- 
cordingly termed myofibroblasts. These cells de- 
velop temporarily a well-organised system of 
contractile cytoplasmic microfilamcnts re- 
sembling that of smooth muscle cells and re- 
sponding to many pharmacological agents 
which contract smooth muscle. The bundles of 
parallel contractile microfilamcnts run longitu- 
dinally within the cells and arc attached to the 
cell surface at sites where it is firmly adherent 
to other cells or to underlying tissue. Contrac- 
tion of microfilament bundles in a meshwork of 
myofibroblasts in an open wound may thus pull 
together the wound edges, in which position 
they arc stabilised by the deposition of collagen 
fibres. When desirable, as sometimes in flexor 
surfaces over joints, wound contraction may be 
inhibited by early skin grafting. 

Infected wounds. The repair of infected 
wounds is accomplished by the same processes 
already described for dean, open wounds; that 
is, by the production of granulation tissue, but 
with a more pronounced acute inflammatory 
reaction, and also by formation of larger and 
more numerous blood vessels. 

Open wounds, apart from those produced 
under aseptic surgical conditions, are almost 
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Fig. 4.13 Deeper part of granulating wound. 
Below, the collagen fibrils are being formed parallel 
to the surface; above, the vessels are seen running in 
a vertical direction, x 240. 

always contaminated by bacteria, and for this 
reason a careful surgical toilet should include 
removal of dead tissue, which promotes in- 
vasive bacterial growth; this debridement is an 
important part of treatment. Granulation tissue 
provides a good defence against bacteria be- 
cause, being rich in small blood vessels, it can 
mount an effective inflammatory response. 
These local defensive factors may be aided by 
antibacterial therapy, which may permit early 
suture or skin grafting. If infection continues, 
however, more leukocytes pour into the surface 


Fig. 4.14 Healing abdominal wound in which infec- 
tion has delayed the process of healing. Note that 
the line of cellular tissue is much broader than in 
Fig. 4.2. x 75. 

capillary buds growing from the recipient area 
begin to unite with those on the undersurface 
of the graft, while ingrowing fibroblasts pro- 
duce collagen which anchors the graft more 
securely. Good vascularity of the bed without 
haematoma formation, control of pathogenic 
infection and close, undisturbed contact with 
the graft, promote a rapid ‘take’. 

Grafts from the same individual (autografts) 
persist indefinitely. Grafts from another indivi- 
dual (homografts) are accepted initially but are 
destroyed within a month or so by an immune 
reaction by the recipient; they are nevertheless 
useful to provide temporary cover of extensive 
raw surfaces, for example large bums, and help 
to prevent excessive contraction of the area. 

Control mechanisms in healing 


exudate, which then becomes purulent. The 
result of acute infection on the healing proces- 
ses is to inhibit both epithelial regeneration and 
proliferation of fibroblasts, so that healing is 
delayed. This delay and the greater tissue de- 
struction result eventually in increased fibrous 
tissue and a larger and denser scar (Fig. 4.14). 

Skin grafting. When a skin graft is placed on 
the recipient site it adheres to this new bed by 
fibrin and is nourished by diffusion of plasma 
from the raw surface. Within about three days 


While the morphological changes of wound healing 
are well known, the factors controlling the various 
observed processes are controversial or unknown. 

Control of cell movement. The covering of a 
wound surface by epithelium cannot be explained 
simply by movement due to growth pressure’. While 
a burst of mitoses may displace adjacent cells by a 
concerted nudge, it is known that healing may occur 
without cell division and, in the skin, epithelial cell 
migration over the wound surfaces appears to 
precede proliferation. There is evidence from tissue 
culture that virtually all cells have the ability to 
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move along a surface to which they can adhere. If 
two cultures of fibroblasts are made on a plane sur- 
face the cells grow out as a monolayer from each 
explant until they collide, when movement virtually 
ceases because the cells will almost never pile up on 
one another. This is known as contact inhibition. The 
same phenomenon may govern the covering of the 
surface of a wound by epithelial cells from around 
the margin. The concept of contact inhibition in 
regard to epidermal cells and fibroblasts helps to 
explain not only initiation of movement but also the 
direction of cells into the wounded area, especially 
since there is no evidence that chemotaxis applies to 
any cell other than leukocytes (and spermatozoa). 
Contact inhibition appears to be tissue specific in 
some degree, for if skin and oesophageal epithelium 
meet, although both are squamous, cell movement 
and proliferation continue and cells heap up at the 
junction. 

Explantation of a fragment of adult tissue into a 
culture medium does not result in rapid migration, 
although the cells at the free edge of the fragment 
now lack contact with similar cells. If the tissue is 
first wounded a short time before excision however, 
migration is greatly increased and it seems that some 
factor in addition to loss of contact inhibition may 
be involved. There is some evidence to suggest that 
there is a change in the cell surface, causing a dim- 
inution of its adhesive properties, thus permitting 
mobilisation. 

The stimulus to migration and proliferation. It has 
been suggested that the stimulus to wound healing 
and enhanced mitotic activity is mediated by growth 
promoters—trephones or "wound hormones’— liber- 
ated by damaged cells. Tissue culture studies suggest 
that there may be a stimulating substance but this 
has never been shown to initiate cell migration or 
multiplication in vivo and at the moment the exis- 
tence of a wound hormone derived from damaged 
cells and promoting healing in animals remains no 
more than a possibility. 

It has been postulated that cells of epidermis and 
other tissues normally secrete a diffusible tissue- 
specific depressor of cell mitosis and that wounding 
may inhibit the production or effect of this depressor 
substance or chalone, thus allowing an increase in 
mitotic activity. This possibility is supported by the 
experimental finding that removal of skin from one 
side of a mouse’s ear provokes a burst of mitotic 
activity in the intact epidermis of the other side, 
maximal opposite the middle of the defect rather 
than opposite the wound edges. There is also evi- 
<knce for the production of a fibroblast chalone in 
tissue cultures. Acceptance of the validity of this 
important concept of cell-specific chalones has not 
keen universal because no one has yet purified and 
biochemically characterised these compounds, al- 
their existence was reported many years ago. 


The concept of the chalone has interest- 
ing implications apart from those related to wound 
healing. Their postulated inhibitory action on mito- 
ses in skin cultures is apparently potentiated by 
adrenalin, and the known cyclical fluctuation in 
adrenal function may thus account for the diurnal 
miU#c rhythm seen in many organs. The adrenalin- 
chalone complex appears to act after DNA synthesis 
is complete, just before prophase in the mitotic cycle. 
There is some evidence also to suggest that tumour 
cells (which proliferate abnormally) may fail to syn- 
thesise or release adequate concentrations of tissue- 
specific chalones. 

Factors which impair healing 

Healing may be influenced by local factors. In- 
fection delays healing (p. 85) as does a poor 
local blood supply; wounds of the relatively 
avascular shin tend to unite more slowly than 
those of the highly vascular scalp or face. 
Defects in collagen formation may result 
from generalised deficiency of vitamin C or of 
sulphur-containing amino acids and also from 
an excess of glucocorticosteroids. 

Deficiency of vitamin C (ascorbic acid) and sulphur- 
containing amino acids. Man, monkey and guinea-pig 
are unable to synthesise vitamin C, and in the 
guinea-pig impaired synthesis of wound collagen 
occurs after even a few days on a diet lacking the 
vitamin. In man, however, a much longer dietary 
deficiency is necessary before collagen formation is 
depressed, although this may occur before scurvy is 
clinically apparent (p. 889). Patients with multiple 
injuries or extensive bums-readily become deficient 
in vitamin C unless intake is increased. Deficiency of 
the vitamin disturbs the synthesis of collagen at the 
stage of intracellular hydroxylation of amino acids 
so that most of the underhydroxylated collagen re- 
mains within the cell and the small amount that 
escapes is more readily degraded than normal col- 
lagen. As a result, although wound contraction is 
not impaired, the wound is weak and tends to break 
down after re-epithelialisation and apparent healing; 
this was a well-known complication of naval surgery 
on scorbutic sailors. In addition to the reduced 
amount and abnormality of the collagen formed in 
the wound, the new capillaries may be unduly fragile 
because of failure of formation of basement mem- 
brane (type IV collagen). Deficient galactosamine 
may alter the properties of the ground substance. 
Similar alteration in collagen production with loss of 
wound strength may be seen in starving animals de- 
ficient in the sulphur-containing amino adds such as 
methionine, which are essential for collagen syn- 
thesis, Even when starvation continues, some of the 
methionine required for wound healing may be 
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obtained from endogenous tissue proteins but 
wound strength is increased by providing a diet 
adequate in protein. In well nourished individuals, 
protein and vitamin supplements will not speed heal- 
ing or improve wound strength. 

Excess of adrenal glucocorticoid hormones. Large 
doses of glucocorticoids, especially if given \#thin 
the first few days after wounding, may suppress 
repair in experimental animals. In man the usual 
therapeutic doses seem to have little effect on healing 
of sutured incisions but may delay closure of open 
wounds with their higher energy requirements. Poly- 
morphs and macrophages tend to be scanty, fibro- 
blast proliferation and migration and the formation 


of new blood vessels are all diminished, while epith- 
elialisation-and contraction are also deficient. In the 
steroid-treated patient there is a higher risk of 
wound infection and this is more likely to be undetec- 
ted clinically. While the administration of vitamin A 
systemically or topically may counteract some 
steroid effects it does not restore wound contrac- 
tion. 

Zinc deficiency. Zinc is necessary for the synthesis 
of collagen. Oral supplements of zinc may promote 
wound healing in patients with zinc deficiency, but it 
is difficult to identify these patients since serum zinc 
levels may not reflect accurately the overall bodily 
status of zinc metabolism. 


Healing of fractures 


Healing in bones bears many resemblances to 
healing in soft tissues. Primary union of a frac- 
ture is however exceptional (p. 92), healing by 
the proliferation of callus (similar to wound 
healing by secondary intention) being the rule. 
There is initial haemorrhage and mild acute 
inflammation, followed by a proliferative or 
productive stage in which osteogenic cells play 
a vital part. Continuity between the bone frag- 
ments is first established by a mass of new 
bony trabeculae and sometimes cartilaginous 
tissue (provisional callus). This undergoes slow 
remodelling, with resorption and replacement 
so that, under favourable conditions, firm bony 
union is achieved. Sometimes restoration is so 
good that the fracture site is later hardly iden- 
tifiable. 

Early stages 

A good deal of force is normally required to 
break a bone, the fragments are usually dis- 
placed, and in addition to a relatively small 
amount of haemorrhage between the bone ends 
much blood may seep into the tissues from rup- 
tured vessels of the torn periosteum and ad- 
jacent soft tissues. In addition to haemorrhage, 
local inflammatory changes take place with 
hyperaemia and exudation of protein-rich fluid 
from which fibrin may be deposited. Poly- 
morphs are scanty unless there is infection, and 
this is common only in compound fractures, i.e. 
when a bone fragment has tom the overlying 
skin or mucous membrane. Macrophages also 


invade and phagocytose clot and tissue debris. 
Red blood cells are often removed rapidly from 
the fracture site, leaving a homogeneous mass 
of fibrin between the bone ends. A large 
amount of clot and debris between the bone 
fragments delays healing. 

Bone necrosis occurs chiefly as a result of tear- 
ing of blood vessels in the medullary cavity, 
cortex and periosteum: the first recognisable 
histological evidence is observed within a day 
or two, the haemopoietic marrow cells showing 
loss of nuclear staining (Fig. 4.15). Fat released 
from dead marrow may be taken up by macro- 
phages, and fat ‘cysts’ form, surrounded by 
foreign-body giant cells. Damage to the 
marrow may have serious results when globules 
of fat enter tom local venules and produce fat 
emboli in the pulmonary bed, brain and kid- 
neys (p. 244). Because of its vascular arrange- 
ments the cortical bone usually suffers more 
extensive necrosis than the spongy medullary 
bone. The amount of bone necrosis depends 
especially on the local peculia rities of the blood 
supply; the talus, carpal scaphoid, and the fem- 
oral head following intracapsular fracture, are 
particularly liable to undergo extensive ischae- 
mic necrosis. When there is splintering of bone 
(comminuted fracture) some of the fragments 
may lose their blood supply; they become nec- 
rotic and, if small, are eventually resorbed by 
osteoclasts. Bone death is recognisable histo- 
logically by loss of osteocytes from the bone 
lacunae (Fig. 4.15) but some cells may remain 
visible long after their death. 
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Fig. 4.15 The bone is necrotic and ostcocytes have 
disappeared, leaving empty lacunae. Cell ghosts can 
be seen in the necrotic haemopoietic marrow, x 100. 


Provisional callus formation 

(a) Periosteal reaction. The colls of the inner 
layer of the periosteum proliferate in a fairly 
wide zone overlying the cortex of each frac- 
tured bone end. (Fig. 4. 16). A cuff of bone tra- 
beculae is formed around each bone end at 
right angles to the cortex and anchored to it 
((b) in Fig. 4.17). 

Further woven bone trabeculae (p. 875), less well 
orientated, form an irregular meshwork whose pat- 
tern at this stage is uninfluenced by stress. This for- 
mation of new bone is dependent on the blood 
supply, which derives partly from surviving perios- 
teal vessels but largely from muscle anil other sur- 
rounding soft tissues. Mixed with this cuff of new 
bone there are often nodules of hyaline cartilage 
which usually do not appear until bone formation is 
well under way (Fig. 4.17). The amount of cartilage 
which is formed in provisional callus varies greatly 
from one species to another. Small mammals such as 
mice, rats and rabbits tend to form chiefly cartilagin- 
ous callus while in man the amount, though variable, 
is less. Cartilage formation is thought to be pro- 
moted by a poor blood supply and by shearing 















F ur 4,1 i 7 ^ e j ling of dis P laced birth-fracture in the femur of a premature infant. The bone ends are cut 
obliquely. Bridging periosteal callus has formed but around the bone ends there is still a can fa) which 
contains a meshwork of fibrin. The subperiosteal cuff of new bone is well seen at (b). The bridging callus 
consists partly of woven bone and partly of pale hyaline cartilage (c). The Haversian canals of the living 
cortex (d) are slightly enlarged by osteoclasis, x 5. 6 


strains and stresses so that it is particularly abund- 
ant in poorly immobilised fractures: bone gradually 
replaces the cartilage by endochondral ossification. 

The two enlarging cuffs of callus advance 
towards each other and finally unite to bridge 
the fracture line leaving a gap between the bone 
ends (Fig. 4.17). This ‘bandage’ of external 
callus helps to immobilise the fragments in an 
unstable or poorly fixed fracture. 

The amount of bridging periosteal callus varies 
greatly in different sites and under different circum- 
stances. In intracapsular fractures (i.e. within a joint 
capsule), such as subcapital fracture of the femoral 
neck, the periosteum is lacking and union is almost 
wholly dependent on internal callus formed by osteo- 


blasts lying in the medullary cavity (see below). By 
contrast, fractures of the shaft of large tubular 
bones, such as the femur and humerus, tend to form 
much external callus, internal callus in the relatively 
small medullary cavity not being striking. The for- 
mation of bulky external callus probably depends on 
plenty of surrounding undamaged muscle as a 
source of blood supply, for one of the causes of the 
difficulty in healing of fractures of the tibia is that 
they are partially covered by relatively avascular 
subcutaneous tissue and tend to form little callus. 
Poorly aligned fractures and those with much move- 
ment at the fracture site (e.g. the ribs and clavicle) 
are liable to produce abundant external callus, where- 
as fractures which are well immobilised by external 
or internal surgical fixation may unite with relatively 
little callus formation. 
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Fig. 4.18 Dead fatty marrow in the medullary 
cavity is being revascularised. A knot of proliferating 
capillaries is seen at (a), x 100. 


(b) Medullary reaction. The first evidence of 
healing is the advance of capillaries from the 
viable into the necrotic marrow (Fig. 4.18) 
closely followed by macrophages? fibroblasts 
and osteoblasts. The macrophages phagocytose 
and remove dead material, while osteoclasts 
begin to resorb dead spongy bone (Fig. 4.19) 
and the endosteal surface of the necrotic 
cortex. The osteoblasts produce new woven 
bone in the marrow spaces: the new bone is 
deposited partly on the surface of dead trabe- 
culae which, when surrounded by new bone, 
may remain unresorbed for months or even 
years (Fig. 4.20). 

In contrast with external callus, cartilage is rare in 
the medullary cavity, perhaps because it is a relati- 
vely vascular site and is protected from mechanical 
stress. It may form, however, when callus formation 
reaches the fracture gap (see below). 

(c) Cortical reaction. The most striking reac- 
tion in tfe6; living cortex adjacent to the fracture 
is an. increase in osteoclastic resorption with 
widening of the Haversian canals* presumably 



Fig. 4.19 A dead medullary bone trabecula is being 
removed by osteoclasts at (a) and new bone is being 
laid down on the surface of dead bone at (b). x 120. 


partly due to disuse atrophy (Fig. 4.21 and p. 
39). This may be followed later by some 
osteoblastic activity. Similar changes are seen 
in the dead cortex of the bone ends once there 
has been revascularisation of the Haversian 
canals from adjacent vessels in viable bone or 
from periosteal and medullary vessels. The re- 
sorption of necrotic bone may widen the frac- 
ture gap. 

The fracture gap 

The periosteal (external) callus unites the frag- 
ments externally but not directly across the 
bone ends. As already stated, immediately after 
fracture, blood clot, exuded fibrin and bony 
debris fill the gap and this is attacked by macro- 
phages and by osteoclasts. The fibrin clot, 
which usually persists between the bone ends 
(Figs. 4.16 and 4.17), is finally invaded by 
blood vessels and cellular tissue containing 
varying amounts of osteogenic cells and fibro- 
blasts, so that bony union may occur in either 
of two ways. 
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(a) Direct ossification is brought about by 
osteogenic cells speading from medullary and 
periosteal callus. Cartilage may also be formed 
and is converted into bone. This process is re- 
latively rapid and effective. 

(b) Fibrous union may occur initially. Fibrous 
tissue grows in from medulla or periosteum or 
both, becomes densely collagenised, and only 
then much more slowly becomes ossified (Fig. 
4.21). This slower type of union occurs espe- 
cially when there is instability, separation by 
excessive traction or marked resorption of the 
bone ends, massive necrosis, a poor blood 
supply, extensive periosteal damage, comminu- 
tion or infection. Sometimes conversion to 
bone following fibrous union is very slow (de- 
layed union) and occasionally it fails to occur 
(non-union). In non-union the fibrous tissue 
may become very dense, hyaline and finally fibro- 



Fig. 4.21 This 12-week-old fracture of the distal 
fibula in an old man has formed a good deal of ex- 
ternal callus medially (on the left). The fracture gap 
itself is filled with fibrous tissue in which a few trab- 
eculae of metaplastic bone are forming. As a result 
of immobilisation and disuse the fibula is porotic 
with enlargement of Haversian canals, x 3. 

cartilaginous. The appearance of an area of 
eosinophilic fibrinoid necrosis is followed by a 
linear split which may enlarge and eventually 
develop a lining similar to synovium, thus form- 
ing a false joint (pseudarthrosis) (Fig. 4.22). The 
bone ends buried in the dense fibrous tissue 
tend to become very sclerotic. 

Later stages: final remodelling 

Once bony union has occurred and function 
has been regained, the bone begins to be re- 
modelled in response to mechanical stresses. 
If the fracture has united at an angle new bone 
is incorporated on the concave side while 
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Fig. 4.22 Pseudarthrosis following fracture of the 
clavicle. The bone ends have become covered by carti- 
lage. At the top of the picture a split in the carti- 
lage has occurred giving a false joint. There is endo- 
chondral ossification of the proliferated cartilage in 
the lower part of the picture, x 40. 

resorption occurs on the convex, so that the 
bone becomes straighter. In any event excessive 
callus is resorbed, slowly formed lamellar bone 
begins to replace the hastily laid down woven 
bone, and any remaining necrotic bone is re- 
moved and replaced (Fig. 4.23). The cortex is 
re-formed across the fracture gap and gradually 
medullary callus is removed and the marrow 
cavity is restored. The whole process may take 
about a year and is more rapid and complete in 
children. 


General factors and bone healing. 

Some of the local factors affecting bone healing 
have already been mentioned but. as in wound 
healing, general factors are also important. 
Lack of vitamin C results in depression of both 
fibroblastic and osteogenic activity so that col- 
lagen and bone production are both deficient. 
Glucocorticosteroids administered to animals 
with fractures also delay healing but it seems 
that they have little effect when given to pati- 
ents in the usual therapeutic doses. In vitamin 
D deficiency abundant callus may form, but it 
fails to calcify, remaining soft until the de- 
ficiency is made good. 


Primary union of fractures 

Although primary union of soft tissues is the rule in 
clean sutured surgical incisions, primary union in 
bone is a curiosity. It entails bony union with the 
formation of only minimal amounts of callus and 
was first described in compression arthrodesis (i.e. 
excision of the joint) of the knee, the cancellous sur- 
faces of femur and tibia being held together by com- 
pression clamps. Bony union occurs in about 4 
weeks and biopsy shows only a thin line of new bone 
at the contact points of opposing trabeculae. While 
moderate compression forces may assist union of a 
fracture, rigid fixation and close apposition of sur- 
faces are probably the major factors. Cortical frac- 
tures in dogs, produced by a very fine saw with mini- 
mal necrosis, and fixed by a compression plate, have 
united without periosteal callus. The necrotic ends of 
the cortical bone were not resorbed but blood vessels 
entered the Haversian canals and subsequently the 
bone ends in contact were joined by new osteoncs 
(Haversian systems) which involved both bone frag- 
ments. At the opposite cortex from the compression 
device a small amount of new bone, formed from the 
endosteal cells of the Haversian canals, filled the 
narrow gap between the fragments and was later 
replaced by osteones. The healing process is similar 
to normal bone remodelling. Although a patient 
with a rigidly fixed fracture can be mobilised early, 
the more extensive bone necrosis results in slow heal- 
ing since it depends on the formation of medullary 
callus and the direct replacement of cortical 
osteones. 




Fig. 4.23 This fracture through the midshaft of the femur united with anterior shift of the proximal 
fragment. Eighteen months after fracture there is firm bony union. The slab radiograph shows how the 
provisional callus has become remodelled along lines of stress with buttressing of the posterior and slightly 
concave part of the fracture line and some retubulation in the medullary canal at the fracture site. 


Repair of some other tissues 


Repair of articular cartilage 

There is evidence that articular cartilage re- 
mains metabolically active throughout life, 
with continuous turnover of the proteoglycans 
and collagens of the matrix. Following injury, 
chondrocytes may proliferate to form cell clus- 
ters and there is an increase in proteoglycan 
turnover. However the capacity to form new 
collagen is limited and it is exceptional for 
these intrinsic reactions to produce any signifi- 
' cant filling in of cartilage defects. 

Extrinsic repair may occur by the growth of 
fibrous tissue over the articular surface 
from the joint margin. When there is loss of the 
full depth of the cartilage; fibrous tissue grow- 
ing from the underlying marrow, through 
cracks in the exposed subchondral bone plate, 


may cover the bone end. This collagenous 
tissue may then acquire a more chondroid 
matrix, to become fibrocartilage, and is some- 
times able to function reasonably well. How- 
ever, the amount of new tissue formed by ex- 
trinsic repair is usually insufficient and of poor 
quality, especially when the defect is large, so 
that joint function is only partly restored and 
tends to deteriorate. 

Repair of tendon 

A good functional result following healing of a 
severed tendon requires a strong fibrous union 
between the ends without loss of a full range of 
gliding motion. In patients with sutured ten- 
dons, repair occurs by ingrowth of fibroblasts 
and blood vessels from surrounding connective 
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tissue into the fibrin mcshwork between the 
sutured ends. The cells, at first randomly arran- 
ged, later become orientated along the line of 
the tendon and produce collagen fibres. The 
amount of collagen synthesised is increased for 
some weeks after injury and, as in a healing 
wound, there is subsequent remodelling of the 
fibrous scar. The extrinsic source of vessels and 
cells during the healing process makes the for- 
mation of adhesions inevitable, but a good 
range of movement is retained when the adhes- 
ions are long and consist of loosely arranged 
areolar tissue. Restricted movement is associa- 
ted with short adhesions containing large 
bundles of collagen fibres. Rough operative 
handling is thought to promote the formation 
of such adhesions, but little is known of other 
factors concerned. 

Recent experimental evidence suggests that 
fibrocytes of tendon are not necessarily inert, 
but have the intrinsic potential for carrying out 
repair and remodelling without the formation 
of adhesions. It may be that it is the surgical 
suture of the severed ends which, by disturbing 
the local blood supply, impairs this response 
and makes healing dependent on extrinsic sour- 
ces. Unfortunately suture is essential to hold 
the severed ends together and allow union to 
occur. 

Repair of muscle 

(a) Skeletal muscle. When muscle fibres are 
damaged, the sarcoplasm of dead fibres disin- 
tegrates, and this is followed by phagocytosis 
of the fragments by macrophages. Regenera- 
tion of muscle occurs in two ways. Firstly, by 
the formation of multinucleated sprouts (Fig. 
4.24) from the surviving ends of injured fibres. 
It has been estimated that these sprouts ad- 
vance into the damaged area at a rate of less 
than 1 mm/day. Secondly, by the growth of 
mononucleated myoblasts. The origin of these 
cells is controversial. Regeneration may be 
complete when the endomysial tube remains 
intact as in Zenker’s hyaline degeneration. This 
condition may accompany severe toxic infec- 
tions, especially typhoid fever, and tends to 
involve most severely the muscles of the abdo- 
minal wall, diaphragm and intercostals. When 
the connective and supporting tissue in muscle 
as also tom or destroyed, as in more severe in- 
juries, regeneration is less well orientated and a 



Fig. 4.24 Wounded skeletal muscle, showing sarco- 
plasmal sprouts with multiple nuclei, x 200. 


scar composed of fibrovascular tissue and irre- 
gularly orientated muscle fibres is formed. This 
is seen, for example, in Volkmann's ischaemic 
contracture (p. 9301 

(b) Visceral muscle (smooth muscle). The heal- 
ing of visceral muscle, e.g. in surgical incisions 
in the bowel or uterus, occurs by fibrous repair. 
Although smooth muscle may be seen in re- 
cently differentiated arterioles (p. 80) and in 
atheromatous plaques (p. 367), its origin is un- 
certain and it may arise by migration of 
smooth muscle cells or by differentiation from 
other mesenchymal cells. Proliferation with 
mitotic activity is said to occur in the early 
months of the physiological uterine enlarge- 
ment of pregnancy. 

(c) Cardiac muscle. Destruction of cardiac 
muscle by infarction is repaired by fibrous 
tissue (Fig. 15.1 1, p. 405). Effective regeneration 
occurs in young patients with Coxsackie virus 
infections or diphtheria, where there is damage 
to individual fibres with preservation of the 
endomysium, a situation similar to that of 
Zenker’s degeneration in skeletal muscle. 

Repair of nervous tissue and nerves 

Central nervous tissue. Once mature nerve 
cells of the brain, cord or ganglia are destroyed, 


they are not replaced by the proliferation of 
other nerve cells. There is also no useful re- 
generation of the axons in the central nervous 
system: indeed when an axon is severed at any 
point, the entire axon and the nerve cell body 
degenerate. Of the neuroglial cells, proliferation 
in response to tissue damage is restricted to 
astrocytes, this being referred to as gliosis (p. 
728). 

Regeneration of peripheral nerves. In contrast 
to the nerve cells and fibres in the central ner- 
vous system, peripheral nerves have consider- 
able regenerative capacity. 

When a nerve is transected, the axis cylinders 
distal to the cut undergo Wallerian degenera- 
tion, i.e. the axon and its myelin sheath break 
down and the debris is absorbed by macro- 
phages. At the same time the Schwann cells 
proliferate within the neurilemmal sheath to 
form pathways along which the axons may 
regrow. Above the level of transection, myelin 
degeneration extends upwards only to the first 
or second node of Ranvier and the nerve cell 
body characteristically shows reversible chan- 
ges (central chromatolysis p. 726). Axonal 
sprouts soon emerge from the proximal ends of 
the interrupted axis cylinders and, if the cut 
ends of the nerve are in close apposition, they 
grow into the distal part of the nerve and along 
the spaces formerly occupied by axis cylinders 
and now filled with proliferated Schwann cells. 
The axons grow at a rate of about 3 mm per 
day. These new axons, which at first are very 
thin, develop a new myelin sheath and then in- 
crease in diameter. They do, however, remain 
smaller than normal nerves unless they estab- 
lish satisfactory end-organ connections and 
functional relationships. This takes some time, 
^and restoration of function is accordingly slow 
and often imperfect. 

A feature of regenerated nerves is that the 
intemodal segments are shorter than in normal 
nerves. 

The degree of functional recovery in a dam- 
aged peripheral nerve depends principally on 
the severity of the injury. If nerve fibres only 
are disrupted and the other components of the 
nerve trunk remain intact, as in a crush injury 
and sometimes in a stretching injury, regenera- 
ting axons can grow along their original endo- 
neurial tubes, continuity of which is preserved 
and these fibres can re-establish their original 
end-organ relationships. If there is considerable 
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disorganisation of the internal structure of indi- 
vidual nerve bundles within the nerve trunk, 
the continuity of endoneurial tubes is less likely 
to be preserved: fibrosis then occurs within the 
damaged segment and interferes with the 
growth of axons from the proximal segment of 
the damaged nerve. Some axons never traverse 
the fibrous barrier, while those that do almost 
never grow along their original endoneurial 
tubes. Thus many axons fail to reach their ori- 
ginal end-organ and abnormal and incomplete 
innervation results. When there is subtotal or 
complete loss of continuity of the nerve trunk, 
the proliferation of axonal sprouts, fibroblasts 
and Schwann cells from the proximal end of 
the nerve results in the formation of a so-called 
traumatic or stump neuroma (Fig. 4.25). 



Fig. 4.25 Traumatic neuroma at severed proximal 
ends of nerves of an amputated arm. 

In severely damaged nerves, surgical repair 
after excision of the involved segment or the 
traumatic neuroma is often the only hope of 
achieving any functional recovery, but some 
residual disability almost invariably persists. 

Repair of mucosal surfaces 

Cells which line mucosal surfaces, are being 
lost and replaced continuously throughout life 
and, like all surface epithelia, have a good po- 
tential for regeneration (Fig. 4.26). In general, the 
raw surface is first covered and only later is 
there differentiation into more specialised cells. 
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Fig. 4.26 Repair of lining of gallbladder after acute 
inflammatory desquamation. The epithelial cells 
extend as a thin flattened layer to reline the viscus. 
x 150. 

(a) Gastro-intestinal tract mucosa. Physio- 
logical replacement of lost surface cells takes 
place by proliferation of the cells of the muco- 
sal glandular necks. Experimental excision of 
an area of mucosa, in the stomach for instance, 
is rapidly followed by re-epithelialisation: epi- 
thelial cells of the mucous neck type migrate 
over the exposed connective tissue, forming 
first a layer of thin, flattened epithelium, which 
later becomes cubical or columnar. The epi- 
thelium of glands adjacent to the wound under- 
goes mitosis, as do surface cells, and this proli- 
feration keeps up the supply of migrating cells 
until the surface is covered. Gland crypts re- 
form by mucous cells growing down into the 
underlying granulation tissue and, some weeks 
later, specialised cells, e.g. parietal cells, differ- 
entiate from the mucous cells in the crypts. 
Failure of re-epithelialisation of chronic peptic 
ulcers (p. 613) is not fully understood. Wounds 
of the mucous membranes following surgical 
anastomosis heal readily, and the line between 
the two different types of mucosa remains 
sharp. 

Rectal lesions heal slowly with formation of 
much granulation tissue, but the small and, to a 
lesser extent, the large bowel mucosae have a 
good capacity for regeneration (Fig. 19.51d, 
P- 624). Repeated ulceration and repair of the 
colon, as for instance in ulcerative colitis and 
bilharzial infestation, may lead to overgrowth 
of the separative mucosa, producing polypoid 
projections (Fig. 19,69, p.638). 


(b) Respiratory tract mucosa. The basal cells 
of the tracheal and bronchial lining epithelium 
proliferate throughout life and replace loss of 
the surface ciliated epithelium. Many microbial 
infections result in loss of only part of the 
thickness of the pseudostratilied columnar epi- 
thelium, and this is readily replaced by cell pro- 
liferation. Destruction of the whole thickness of 
the mucosa is followed by the usual pattern of 
migration and proliferation of cells which at 
first appear transitional and later become low 
columnar: eventually the superficial cells de- 
velop cilia. Destruction of subepithelial tissue 
or repeated damage, e.g. in chronic bronchitis, 
may result in less perfect regeneration, the cilia- 
ted cells being replaced by columnar non-cilia- 
ted mucus-secreting cells, and under very un- 
favourable circumstances, as in heavy cigarette 
smoking, metaplasia (p. 441) of the regenera- 
ting epithelium to squamous type may be seen. 

(c) Urinary tract mucosa. The urinary tract 
mucosa, like the epidermis, responds to injury 
by movement and proliferation of cells. The 
transitional cell epithelium of the bladder has 
particularly good powers of rapid regeneration, 
all layers of the mucosa participating. 

Repair of kidney 

The glomerulus is a highly specialised unit and 
little effective regeneration follows damage. 
Lost renal substance is replaced by fibrous 
tissue. If the basement membrane of the tubules 
remains intact, damage to tubular epithelium 
may be followed by proliferation (Fig. 4.27) 
and slow migration of surviving cells to restore 
continuity. It is doubtful, however, whether, 
when the damaged cells arc highly specialised, 
as in the proximal convoluted tubule, the re- 
generated cells have the same degree of func- 
tional efficiency. 

Repair of the liver 

The hepatic parenchymal cells form a fairly 
stable population, and few mitotic figures are 
seen in the normal liver. Replacement of 
normal ‘wear-and-tear’ cell loss is by division 
of neighbouring cells. Some replacement is 
effected by division of the nucleus and enlarge- 
ment of the cell, which explains the occurrence 
of binudeate and multinucleate liver cells, par- 
ticularly in elderly individuals. 




Wounds of the liver are repaired by forma- 
tion of connective tissue, with minimal replace- 
ment of parenchymal cells around the margin 
of the wound. 

The outcome of liver cell necrosis depends 
on the distribution of the cells affected and also 
upon the presence or absence of an intact vas- 
cular system. Occlusion of hepatic arterial 
branches may be followed by infarction of liver 
tissue: as in most other tissues, coagulative necro- 
sis occurs and the dead tissue is digested by mac- 
rophages and replaced by organisation (see 
below), eventually leaving a fibrous scar. Necro- 
sis of individual liver cells scattered throughout 
the lobules, as in the typical attack of virus hepati- 
tis, is followed by autolysis and disappearance of 
the dead cells, which are replaced by proliferation 
of surviving cells with restoration to normal. 
Even when there is destruction of all the 
parenchymal cells in the centres or mid-zones of 
the lobules the periportal cells proliferate and 
extend into the surviving vascular framework so 


that normality is once again achieved. If, how- 
ever, there is loss of most or all of the hepatocytes 
through the whole substance of the lobules, 
proliferation of the surviving hepatocytes leads 
only to irregular nodules of regeneration, the 
lobular pattern being lost. The vascular frame- 
work in the areas depleted of parenchymal cells 
becomes collapsed and scarred (Fig. 4.28). 

The very high regenerative capacity of liver 
cells has been demonstrated by subjecting ani- 
mals to excision of various amounts of liver 
tissue, After excision of two-thirds of the rat’s 
liver, hypertrophy and hyperplasia in the re- 
maining third result in restoration of a normal 
liver mass in 15-20 days. The capacity of the 
liver to regenerate in this way is maintaitv»H 
even when partial hepatectomy is performed 
monthly for up to one year. 

The factors which regulate the extent of liver 
regeneration are not understood. When partial 
hepatectomy is performed upon one member of 
a pair of parabiotic rats, hepatocyte prolifera- 
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tion occurs in both animals. This and similar 
experiments suggest that a humoral mediating 
factor is responsible for hepatic regeneration. 
More recent studies in dogs suggest that a 
humoral growth-stimulating factor is respon- 
sible for hepatic regeneration and is released by 
regenerating liver. If the portal vein is divided 
and anastomosed to the inferior vena cava before 
partial hepatectomy, regeneration of paren- 
chyma is impaired, and it thus seems that 
portal venous flow through the liver affects the 
degree of restoration. There is evidence that in- 
sulin plays a major role in maintaining normal 
functioning of liver cells and in promoting 
hepato-cellular proliferation. This makes good 
sense of the drainage of pancreatic venous blood 
to the liver and not to the systemic venous system. 

Fig. 4.28 Following extensive liver necrosis there 
has been proliferation of surviving liver cells. These 
form the pale rounded nodules lying in a back- 
ground of scar tissue from which dead liver cells 
have now disappeared. 


Organisation 


This means the replacement, by fibrous tissue, 
of solid, non-living material such as fibrin, clot- 
ted blood, intravascular thrombus and dead 
tissue. The process involves the gradual diges- 
tion of the material by macrophages. Since 
these phagocytic cells can only operate within a 
short distance of capillaries, removal of more 
than a small amount of dead material requires 
the ingrowth of capillaries and fibroblasts. This 
formation of granulation tissue is similar to 
that in healing, and the term organisation is 
used only when inanimate material is replaced 
by it. 

An example already familiar is the removal 
of fibrin deposited in acute inflammation (p. 
66). Thin strands of fibrin are rapidly pha- 
gocytosed and digested, but larger deposits, for 
example the thick layer which forms on the 
pleural surface in some cases of pleurisy, are 
removed more slowly by organisation. After 
, the acute i nfl a mm ation has subsided mono- 
cytes Continue to emigrate from the vessels in 
thb pte®fa underlying the adherent fibrin and 


assume the features of macrophages: they begin 
to digest the fibrin by a combination of pha- 
gocytosis and release of lysosomal enzymes. 
Capillary sprouts develop from the superficial 
pleural vessels and grow into the spaces created 
by the macrophages (Fig. 4,29): they anastom- 
ose to form a network of capillaries, some of 
which enlarge and develop into arterioles and 
venules. The capillaries are accompanied by 
proliferating fibroblasts which produce 
collagen and ground substance. A thin layer of 
granulation tissue thus takes the place of the 
deepest part of the fibrin and gradually the 
process extends until all the fibrin has been re- 
placed. Meanwhile, the granulation tissue 
slowly changes to less vascular, firm fibrous 
tissue. If the layer of fibrin has glued together 
the visceral and parietal pleura, organisation 
proceeds from both surfaces and meets in the 
middle: in consequence, the lung becomes 
firmly bound to the chest wall by fibrous tissue. 

A second example of organisation is seen 
when haemorrhage occurs into the tissues and 




Fig. 4.29 Dilated capillaries and fibroblasts are 
beginning to grow into the dense fibrin on the sur- 
face of the lung, x 400. 


the escaped blood clots to form a solid mass, 
i.e. a haematoma. This is removed by organisa- 
tion from the surrounding tissues (Fig. 4.30) 
and progresses to the centre of the clot, even- 
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Fig. 4.30 Organisation of a haematoma after 7 
days. Capillary sprouts are beginning to grow into 
the clot and there are also large numbers of macro- 
phages at its margin, x 80. 


tually leaving a fibrous scar. A patch of necrotic 
tissue (most commonly seen in the heart, brain, 
kidneys, etc. as the result of arterial blockage 
by thrombus, i.e. an infarct) is similarly re- 
moved by organisation with consequent scar 
formation. 

When an artery or vein is blocked by 
thrombus, this is removed partly by organisation, 
but other processes are involved and the fate 
of thrombi is described on pp. 241-3. 


Hypertrophy 


Stimulation of the parenchymal cells of an 
organ, usually by increased functional demand 
or by hormones, results in an increase in the 
total mass of the parenchymal cells. This may 
be brought about by enlargement of the cells— 
hypertrophy or by an increase in their 
number — hyperplasia. The relative import- 
ance of the two processes varies in different 
organs. In some, e.g. the skeletal muscles, en- 
largement is purely by hypertrophy, but in 
most organs hypertrophy and hyperplasia both 
contribute. 


(a) The response to increased functional demand 

This is illustrated by the hypertrophied muscles 
of manual labourers and athletes; the indivi- 
dual fibres increase in thickness but not in 
number. Similarly, when extra work is deman- 
ded of the heart as a result of valvular disease 
or high blood pressure (Fig. 4.31), there may be 
much thickening of the muscular walls of those 
chambers which bear the brunt of the extra 
work. Narrowing of the mitral valve, for ex- 
ample, produces chiefly left atrial and right 
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Fig. 4.31a Hypertrophied muscle fibres of heart in 
a case of arteriosclerosis with high blood pressure, 
x 250. 


ventricular hypertrophy, whereas systemic 
hypertension gives rise predominantly to left 
ventricular hypertrophy (Fig. 15.1, p. 399). The 
heart may increase to twice the normal weight, 
the degree of hypertrophy being limited by the 
diffusion of oxygen and nutrients between the 
capillaries and the thickened fibres. Smooth 
muscle may also undergo hypertrophy, for 
example in the wall of the stomach in a patient 
with pyloric stenosis, in large bowel proximal 
to an obstructing tumour (Fig. 19.81, p. 653), 
or in the bladder when the outflow is narrowed 
by an enlarged prostate (Fig. 25.3, p. 992). 
The muscle in arterial walls also hypertrophies 
in response to long continued high blood pres- 
sure (Fig. 14.13, p. 371). The most striking 
hypertrophy is seen in the pregnant uterus, 
where a combination of increased functional 
demand and hormonal stimuli results in enlarge- 
ment of fibres to more than a hundred times 
their original volume. In early pregnancy, there 
may be both hypertrophy and hyperplasia of 
muscle fibres. After parturition, the muscle 
fibres return to a normal size and this is seen 
also in hypertrophied heart muscle when the 
increased work stimulus is removed. 

In some instances, the response to an increa- 
sed demand is by a pure hyperplasia; for inst- 
ance, blood loss is not followed by enlargement 
of red cells and leukocytes but by an increase in 
their production in the haemopoietic marrow 
(Fig. 17.9b, p. 517). 

■ Compensatory hypertrophy may occur in the 
shtwyoc of a pair of organs when one is re- 
; tSbved, following nephrectomy; the remaining 



Fig. 4.31b Slightly atrophied heart muscle; to com- 
pare with Fig. 4.31a. x 250. 


kidney enlarges and, particularly in young pati- 
ents, may double its weight. This is brought 
about by increase in the size of the nephron as 
a result of both hypertrophy and hyperplasia of 
the component cells of the glomeruli and tub- 
ules. Removal of one adrenal leads to hyper- 
trophy of the cells of the opposite cortex, the 
medulla remaining unchanged. Following re- 
moval of a lung, the remaining lung enlarges 
but this is caused mainly by over-distension, 
which produces a lasting enlargement of the 
alveoli; only when it occurs in early life is there 
any formation of new alveoli. Compensatory 
hypertrophy is a widespread natural phenome- 
non, as illustrated in Fig. 4.32. 

The testes are exceptional in that, in both 
man and animals, removal of one in adult life is 
not followed by enlargement of the other, the 
number of spermatozoa produced being re- 
duced. 


(b) Hypertrophy due to hormonal changes 

A balanced activity of certain of the endocrine 
glands is essential for the normal growth and 
metabolism of the tissues and many of the ex- 
amples of hypertrophy and hyperplasia already 
mentioned require the continued physiological 
action of the growth hormone of the anterior 
pituitary as well as an adequate blood supply. 
Excessive secretion of growth hormone (usually 
due to a tumour of the oxyphil cells of the 
anterior pituitary) results in adults in acrome- 
galy (p, 1010) with bone enlargement and gener- 
alised organ and tissue hypertrophy. This is 
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Fig. 4.32 This beech tree was largely uprooted by a 
gale six years before, and has since leant against its 
neighbour. It continues to survive because a few 
roots (on the right) have retained contact with the 
soil and have become greatly hypertrophied. 



Fig. 4.33 Breast lobule in pregnancy showing 
marked hypertrophy and hyperplasia, x 50. 


even more strikingly seen when the excess of trophy is the enlargement of the breasts in 
hormone occurs in adolescence, before the ske- pregnancy, when the formation of mammary 
leton matures; the result is gigantism (p. 1011). gland acini is stimulated chiefly by hormones 
An example of physiological hormonal hyper- from the corpus luteum or placenta (Fig. 4.33). 
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Immunophysiology: The Immune Response 


Introduction 

The invasion of the body by living organisms, 
including viruses, bacteria, and protozoan and 
metazoan parasites, presents a major threat to 
the stability of the internal milieu upon which 
Claude Bernard placed such importance. To 
counter this threat certain general defence mech- 
anisms have evolved — a relatively imper- 
meable epidermis, methods of ridding the body of 
noxious material, such as vomiting, diarrhoea 
and coughing, the dilution of irritants by in- 
creased flow of interstitial fluid in inflamma- 
tory oedema, and the destruction of particulate 
matter by phagocytic cells. In addition, there 
exists in vertebrates a special defence mech- 
anism of immense potential which is mobilised 
when the body is invaded by foreign organisms 
and which is expressly and specifically adapted 
to overcome the effects of any particular in- 
vader. The special mechanism is called acquired 
specific immunity and its study— the science of 
immunology— is of great importance in the 
understanding and prevention of disease. 

The phenomenon of acquired specific im- 
munity has been recognised for centuries in 
that individuals who had survived an attack of 
certain clearly recognisable infectious diseases 
such as smallpox were known to be much less 
susceptible to the disease during a later epide- 
mic. Such individuals could be said to show 
immunity (i.e. protection) against the disease, 
acquired inasmuch as it did not apparently exist 
before the first infection, and specific inasmuch 
as an attack of smallpox protected the indivi- 
dual against a further attack of smallpox but 
had no bearing on his susceptibility to later 
attacks of measles, diphtheria, etc. 

This knowledge has been applied with great 
success to the prevention of infectious disease 
by prophylactic immunisation, a procedure in 
Which a relatively harmless variant, or modified 
to*in, of a pathogenic organism is purposely 
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introduced into the body; this results in 
the development of specific immunity such as 
would be encountered following recovery from 
the natural disease. The principle is well illus- 
trated by Edward Jenner's use of fluid from 
the lesions of cowpox (vaccinia) to vaccinate 
against smallpox; it was known to Jenner that 
milkmaids who had had natural cowpox infec- 
tion had developed not only markedly altered 
reactivity to re-infection with cowpox but also 
resistance to a first infection by smallpox, a 
closely related but much more serious disease. 
In this case the two viruses are so similar that 
immunity to one is effective also against the 
other. 

When an individual has become immune fol- 
lowing natural infection or prophylactic ex- 
posure to a pathogenic organism or its toxin he 
is said to be actively immunised against that 
organism. Specific resistance to infection can in 
many instances be conferred upon a non- 
immune individual by an alternative method, 
namely the injection of serum or lymphoid cells 
from an actively immune individual. The state 
of passive immunity so conferred is not due to 
transfer of the infecting organism or its toxin 
but to the transfer of the products of immuni- 
sation developed by the actively immunised 
donor of the serum or lymphoid cells. The pas- 
sive transfer of immunity thus provides a way 
of analysing the factors which contribute to the 
immune state, and by transfer experiments it 
has been shown that in some instances specific 
immunity results from the presence in the 
serum of special globulins known as antibodies, 
while in other cases the immune state seems to 
be. mediated directly by specifically primed (sen- 
sitised) lymphocytes without the participation 
of serum antibody. Serum containing one or 
more antibodies produced by active immunisa- 
tion is termed antiserum or immune serum. 

There is obviously considerable survival ad- 
vantage in having the ability to acquire specific 



immunity to pathogenic organisms or their 
toxins. Unfortunately the specifically altered 
reactivity produced by an immune response can 
lead to reactions which result in tissue injury. 
This can happen following exposure even to 
relatively harmless substances, such as grass 
pollen, which on subsequent contact causes a 
harmful and seemingly unnecessary inflamma- 
tory reaction in certain individuals. Such ac- 
quired specific hypersensitivity has in many 
cases been shown to be due to reactions of an 
immunological nature although with its conno- 
tation of protection the word ‘immune’ appears 
unsuitable. Because of this difficulty and the 
gradual way in which knowledge of the com- 
plex processes involved has unfolded, an elab- 
orate but imprecise jargon relating to immuno- 
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logy has developed and many authors have used 
the same terms with different meanings. Yon 
Pirquet, for example, coined the word aDergy 
as a unifying term to indicate altered specific 
reactivity of all kinds, including both protective 
immune responses and also hypersensitivity. 
Despite this the words allergy and hypersen- 
sitivity are frequently used interchangeably. 

In this book we follow the current common 
practice of using the words ‘immune’ and ‘im- 
munity’ in two distinct ways: in one they are 
general terms to embrace all forms of specifi- 
cally altered reactivity (i.e. allergy in von 
Pirquet’s sense) and in the other they refer to 
specific protection against disease; we believe 
that the meaning implied will be evident from 
the context. 


Antigens 


An antigen is a substance which is immuno- 
genic, i.e. capable of evoking an immune re- 
sponse: this may take two main forms. 

(1) Antibody production, i.e. the appearance 
of globulin molecules which have the property 
of combining specifically with and remaining 
attached to antigen of the same kind as that 
which has led to their formation. 

(2) Cell-mediated immunity, i.e. the produc- 
tion of specifically primed lymphocytes whose 
presence can be demonstrated in vivo by the 
development of a local inflammatory reaction 
appearing about 24 hours after intradermal in- 
jection of the antigen— a delayed hypersen- 
sitivity reaction. 

Most antigenic stimuli evoke both cell- 
mediated immunity and antibody production. 
These responses take place in the lymphoid 
tissues, and their products, specifically primed 
lymphocytes and antibody, both capable of 
reacting with the antigen, are released into the 
bloodstream. 

Under certain conditions, an antigenic stim- 
ulus may induce a state of specific immunologi- 
cal tolerance, i.e. non-responsiveness to sub- 
sequent challenge with the same antigen. 

The term 'immunological reaction' should not 
be confused with ‘ immune response' as de- 
scribed above. An immunological reaction is 
the effect observed when the products of the 
immune response— antibody or primed lym- 


phocytes — encounter and combine with the 
appropriate antigen in vitro or in vivo. 

Factors affecting the immune 
response 

The form taken by the immune response de- 
pends upon several factors including the nature 
of the antigen, the genetic constitution of the 
individual exposed to the antigen, the route by 
which the antigen enters the body and the dose 
administered. These factors are discussed 
below. 

The nature of antigens. It is difficult to define 
precisely the properties which make a substance 
capable of evoking an immune response, but 
in general terms antigens are large molecules, 
usually of molecular weight exceeding 3000, 
fairly rigid in structure, and either protein 
or carbohydrate, with or without associated 
substances such as lipids. Antigen-antibody re- 
actions appear to be the result largely of stereo- 
chemical interactions of molecules of comple- 
mentary configurations, analogous to the inter- 
action of lock and key. For this reason floppy 
molecules such as gelatin are poor antigens. 
Evidence will be presented later that immune 
responses follow the binding of antigen mole- 
cules to specific receptors on the surface of 
lymphocytes. It seems likely that, to trigger off 
an immune response, antigen must form a link 
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between these surface receptors: this explains 
why most antigens are large molecules. 

Although some small molecules, such as 
-para-aminobenzoic acid, are not by themselves 
antigenic, they may become so if they are 
attached to larger molecules. Injection of 
/>-aminobenzoic acid attached by diazotisation to 
serum albumin may result in formation of some 
antibody molecules which combine specifically 
with the p-aminobenzoic acid moiety and not 
with the albumin carrier protein. In these cir- 
cumstances, p-aminobenzoic acid is said to be 
a hapten, i.e. a substance which is antigenic in- 
asmuch as it can take part in an immunological 
reaction (in this case antigen-antibody combi- 
nation) but which is not itself immunogenic, i.e. 
cannot by itself evoke an immune response (in 
this example, the formation of specific anti- 
body) unless it is conjugated with macromolecu- 
lar material. The existence of such simple hap- 
tens suggests that the antigenic specificity of 
large molecules may be determined by the 
three-dimensional configuration of small parts 
of these molecules (antigenic determinant sites 
or epitopes). Study of synthetic polypeptide and 
polysaccharide antigens has confirmed that 
specific antigenic determinant sites do consist of 
a few amino acids or monosaccharides, and it 
has been shown that most naturally-occurring 
macromolecules such as plasma albumin 
contain several antigenic determinant sites of 
differing specificity. Larger, complex antigenic 
particles, such as bacteria, contain a correspon- 
dingly greater number and variety of epitopes. 
Both antibody production and cell-mediated 
immunity evoked by antigenic material are 
correspondingly complex, each particular kind 
of epitope being potentially capable of inducing 
both types of response. 

Genetic constitution of the individual. The 
repertoire of specific immune responses which 
an individual can mount depends on the selec- 
tion of genes inherited from two distinct sets — 
the V genes which code for the various antigen 
binding sites found on different antibody mole- 
cules (pp. 126—8) and the Ir (immune reactivity) 
genes which are not linked with (i.e. on the 
same chromosome as) the genes coding for anti- 
bodies, but lie in the T region of the major 
hKtocompatibihty complex (p. 167). The gene- 
tic nature of the responsiveness is dearly shown 
by erpssing inbred strains of mice which exhibit 
Jacked diffeienioes in thdr responses to im- 


munisation with substances containing only 
one type of epitope, such as simple synthetic 
oligo-peptides. Inheritance of specific re- 
sponsiveness to most natural antigens is dif- 
ficult to demonstrate because of the multiplicity 
and variety of antigenic sites on natural macro- 
molecules but the magnitude of response to 
these substances is controlled non-specifically 
by a number of genes, some affecting such 
characters as rate of antigen degradation .by 
macrophages (pp. 1 34- 6). 

Genetic factors also play a large part in de- 
termining the antigenicity of tissues, and this 
field has become particularly important in the 
practice of blood transfusion and of tissue 
transplantation. The molecular composition of 
tissues, including potential antigenic sites, is, 
of course, genetically determined. In general, 
when tissues are injected or transplanted from 
one individual to another, the more genetically 
dissimilar or foreign the two individuals are to 
each other, the easier it is to induce antibody 
formation and cell-mediated immunity. For 
example, human red cells injected into rabbits 
evoke a wide variety of antibodies reacting with 
a corresponding variety of antigenic determin- 
ants on the human red cell; when, as in this 
case, the antigen is derived from a species other 
than that of the immunised animal (and this 
would include bacteria, etc.), it is called a 
hetero-antigen and the antibodies arc hetero- 
antibodies. Injection or transplantation of one 
human with the red cells or tissue cells of an- 
other may result in the formation of antibodies 
to antigenic groups not shared by both indivi- 
duals; e.g. human red cells containing the 
Rhesus antigen D (Rhesus positive cells) into a 
person whose cells do not contain this antigen 
(Rhesus negative) may result in the develop- 
ment of antibodies specific for D antigen; anti- 
gens which differ within a species are called iso- 
antigens and the corresponding antibodies iso- 
antibodies. In general, iso-antigens are much 
less numerous and less likely to evoke an 
immune response than hetero-antigens. Finally 
it should be noted that injection of an indivi- 
dual with his own cells (auto-antigen) results in 
auto-antibody formation or cell-mediated im- 
munity only in exceptional cases; the subject of 
auto-immunity is considered further on p. 161. 
Unfortunately the prefixes used to indicate the 
relationship between individuals providing 
antigen and forming antibody are, by usage, 
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Table 5.1 Terminology of antigens, antibodies and tissue grafts 

If * »r 

||«k 

Relationship between donor 
and recipient 


Genetic 

^terminology 

Antibody, 

antigen 

TraL^antation 

ter^inolog^^ 

Same animal 


^ - 

Auto-antibody 

Auto-antigen 

Autograft^ 

Identical twins and inbred strain 


Syngeneic 

(Isogeneic) 

— 

Isograft 

Same outbred species or different 
inbred strains 


Allogeneic 

Iso-antibody 

Iso-antigen 

Allograft 

(Homograft) 

Different species 


Heterogeneic 

Xenogeneic 

Hetero-antibody 

Hetero-antigen 

Xenograft 

(Heterograft) 
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different from those used in the more recent 
field of tissue transplantation, in which graft 
rejection is effected mainly by delayed hyper- 
sensitivity reactions. Table 5.1 summarises this 
confusing and irrational situation. 

As stated above, the cells and tissues of an 
individual are antigenic when injected or graft- 
ed into an animal of another species or even 
into a different individual of the same species, 
yet with certain exceptions the individual does 
not react to the antigens of his own cells by the 
development of auto-antibody or delayed auto- 
hypersensitivity. Non-reactivity to auto-antigen 
is a general physiological principle described by 
Ehrlich as ‘horror autotoxicus’. It may reflect 
absence of lymphoid cells with the genetic 
coding necessary for the synthetic processes 
associated with formation of antibody or cell- 
mediated immunity against most ‘self’ com- 
ponents, analogous to the inherited non- 
reactivity of certain strains of animals to 
synthetic polypeptide antigens. Burnet has. 


however, suggested an attractive alternative 
explanation, that the various potential antigens 
in an individual’s tissues do act on the cells 
responsible for immune reactions but that, in- 
stead of causing antibody formation or cell- 
mediated immunity, they lead during fetal life 
to specific immunological tolerance. The sub- 
ject is, however, a complex one; it is considered 
more fully on p. 132. 

Route of administration of antigen. In most 
cases antigens elicit an immunological response 
only when they are introduced parenterally (i.e. 
not through the alimentary canal) so that their 
macromolecular state and the configuration of 
their antigenic determinants are not destroyed 
by digestion in the gut. Traces of certain pro- 
teins, such as those in heterologous milk, may, 
in fact, be absorbed from the gut and bring 
about specific sensitisation, especially in in- 
fants. In general, however, antigens introduced 
via the portal circulation are less immunogenic 
than when adminstered by other routes. 


Antibodies 


Antibody molecules have the special property 
of combining specifically with antigen or 
hapten. In so doing they may cover up harmful 
areas on molecules of toxin, in which case they 
are said to be antitoxins, or their combination 
with cells such as bacteria may lead (with the 
•help of complement— p. 144) to death and lysis 
■of the bacteria (bacteriolytic effect) or phagocy- 
tosis by polymorphs and macrophages (opsonic 
effect). Chemically, antibodies belong to the 
immunoglobulin (Ig) proteins of the plasma (for- 


merly called y-globulins because of their pre- 
dominant electrophoretic mobility); and there 
are five classes: IgG, IgM, IgA, IgD and IgE. 
All immunoglobulins are composed of one or 
more similar units, each unit consisting of two 
pairs of identical polypeptide chains (Fig. 5.1); 
one pair, termed the heavy chains, are about 
twice the size (molecular weight) of the other 
pair, which are termed the light chains. Diges- 
tion of an Ig molecule by papain breaks it into 
three fragments, of which two are identical and 
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F(ob') a pFc 1 



Fab Fc 


Fig. 5.1 Structure of monomeric immunoglobulin 
molecule. In any one molecule the two light chains 
have an identical amino-acid sequence and so also 
have the heavy chains. Each immunoglobulin class 
has a distinctive Fc piece (C terminal end of heavy 
chains). The amino-acid sequence of the interrupted 
portions of the light chains and dotted portions of 
heavy chains (the N-terminal ends) vary greatly 
among immunoglobulin molecules even of the same 
class and constitute the specific antigen-binding 
(Fab) sites, of which there are two on each molecule. 
The constitution of these variable regions of an Ig 
molecule is also known as the idiotype. (The light 
lines indicate separation of the molecules into an Fc 
and two Fab fragments by papain digestion, and 
into one F(ab') 2 and two p Fc' fragments by pepsin.) 

are termed Fab (antigen-binding fragments) 
because each contains a combining site for 
antigen. The third fragment consists of the C- 
terminal ends of the heavy chains, and is 
termed Fc fragment; it is readily obtained in 
crystalline (hence Fc) form. As shown in Fig. 
5.1, digestion of IgG by pepsin frees two pFc' 
fragments but leaves the two Fab fragments 
united by part of the Fc fragment as a single 
fragment— F(ab') 2 - Heavy chains differ struc- 
turally for each class of Ig, and the letters y, p, 
a, 5, a, are used to indicate the heavy chains of 
IgG, IgM, IgA, etc. respectively. By contrast, 
there are only two types of light chain, k and A, 
in all Ig classes, and each Ig molecule has either 
Kor X light chains. Differences in the behaviour 
of antibodies of the same specificity, but of dif- 
ferent Ig classes, and of the four sub-classes of 
IgG (IgG 1-4), are determined by the proper- 
ties of the Fc part of their heavy chains. 

The combination of antibody with antigen is 
believed to be achieved by hydrogen bonding, 
electrostatic, hydrophobic and van der Waal’s 
fortes; all of these are effective over a very 
ifedft range and hold separate molecules to- 
Oriy when tbey fit Sniugly. The specificity 


of antigen antibody union therefore depends on 
the antibody combining-site having a comple- 
mentary shape to the antigenic determinant 
which permits the necessary close fit. The shape 
of the combining site is determined by the 
amino-acid sequence of the N-terminal ends of 
the heavy and, to a lesser extent, of the light 
chains. In view of what is now known of pro- 
tein synthesis this is of great interest and of 
fundamental importance in elucidating how 
antigenic stimulation gives rise to specific anti- 
body formation. In contrast to most other 
proteins, each one of which in a given indivi- 
dual is of uniform amino-acid sequence, the 
immunoglobulins in a serum show marked 
heterogeneity of their N-terminal regions (the 
variable regions), the number of variations 
amounting to millions. This variety is respon- 
sible for the great range of antibodies which can 
develop in response to stimulation by an 
enormous number of different antigens. 

Some idea of the specificity of antibody- 
antigen union can be gained froir# study of 
antibody against chemically defined haptens. 
Landsteincr, for example, showed that anti- 
body raised against para-aminobenzene sul- 
phonic acid does not combine with the ortho- 
form but gives a weak reaction with meta- 
aminobcnzenc sulphonic acid (Fig. 5.2). The 



ortho meta para 

Fig. 5.2 Isomeric forms of ammobenzene sulphonic 
acid. 


latter is called a cross reaction and it implies 
immunological reactivity with an antigen dif- 
ferent from that which has led to the produc- 
tion of antibody. It results from the production 
of some antibody molecules which fit the cros^ 
reacting antigen sufficiently well to permit 
intermolecular attraction by short-range forces 
(see above). The closeness of fit between the 
antigen-binding sites of antibody with an anti- 
gen of given configuration can thus vary and 
this affects the firmness of combination; we 
therefore speak of high or low affinity of anti- 
body for a given epitope. Cross reactions are 
generally of low affinity. 

When an antiserum contains a' variety of 
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antibodies reacting with multiple and often 
heterogeneous epitopes on a macromolecular 
antigen, the strength of the binding together of 
antigenic molecules by antibodies is referred to 
as the avidity of the antiserum; this is influ- 
enced not only by the affinities of each of the 
various antibodies reacting with individual 
epitopes, but also by the number of antigen- 
antibody linkages formed: although individual 
antibody-epitope linkages dissociate, those 
which fit snugly dissociate less readily than 
poorly-fitting linkages, and large numbers of 
firm linkages will result in the maintenance of 
avid binding. 

Quite apart from their specific reactivity with 
antigens, antibodies of different classes possess 
properties which depend on the Fc part of the 
heavy (p, y, a, etc.) chains. These class distinc- 
tions are described on pp. 108-9. 

The production of antibody 

Injection of an antigen to which an individual 
has not previously been exposed results in a 
primary antibody response, i.e. the transient 
appearance in the blood of a small amount of 
specific antibody, mainly of JgM class, about 
seven days after the injectiomRe-injection of 
the same antigen at a later date leads to a' 
secondary or anamnestic (remembering) re- 
sponse in which large amounts of specific anti- 
body, most of which is usually o f IgG class , 
appear in the blood rapidly (in four days or so) 
and continue to be produced, although in grad- 
ually diminishing amounts, for weeks, months 
or even years. The greatly enhanced antibody 
production of the secondary response is the 
reason for the repeated injections of microbial 
antigens (vaccines) widely used in prophylactic 
immunisation. 

Most of the antibody found in serum is pro- 
duced by plasma cells in lymph nodes, . spleen 
and pone marrow but some may also be 
formed by plasma cells in the lymphoid tissue 
of the gut and in the inflammatory lesion which 
forms around injected antigenic material. 
Plasma cells (Fig. 5.3) are ovoid cells, some- 
what larger than small lymphocytes, and with a 
small round nucleus in which granules of chro- 
matin are regularly spaced around the peri- 
phery, giving a ‘cart-wheel’ or ‘clock-face’ ap- 
pearance. Their cytoplasm is basophilic and 
also pyroninophilic, indicating a high content 



Fig. 5.3 Plasma cells in a lymph node draining a 
focus of infection. Note the eccentrically-placed, 
round nucleus with clumping of chromatin, and the 
deeply-stained (basophilic) cytoplasm showing, in 
some instances, a crescentic area of pallor alongside 
the nucleus, x 1000. 

of ribonucleic acid, and electron microscopy 
(Fig. 5.4) reveals a large amount of complex 
rough endoplasmic reticulum of the type found 
in cells which synthesise and secrete protein. It 
has been shown by immunofluorescence that 
each plasma cell at any given time produces 
light chains together with heavy chains of only 
one immunoglobulin class (e.g. IgG or IgM). 
Furthermore, following stimulation with two dis- 
tinct antigens {e.g. diphtheria and tetanus toxins ) 
individual plasma cells will produce antibody to 
one or the other but not to both of these antigens. 

An additional polypeptide, the J chain, is 
synthesised by plasma cells producing IgM and 
IgA. It links together the basic 4-chain units of 
IgM and IgA to form polymers (see below). 

Properties of the immunoglobulin 
classes 

The various immunoglobulin classes have dif- 
ferent functions (beyond that of specific com- 
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Fig. 5.4 Electron micrograph of part of the cyto- 
plasm of a plasma cell, showing the abundant rough 
endoplasmic reticulum. Part of a mitochondrion is 
also included, x 108 000. 

bination with antigen, which is common to all) 
and this is determined by the structure of the 
part of the heavy chains included in the Fc 
fragment. 

When immunoglobulin of a particular class 
is injected into animals of another species it 
acts as an antigen , and antibodies specific for 
the light and for the heavy chains appear in the 
serum of the injected animal. Combination of 
the latter antibody with immunoglobulin in 
vitro provides a simple method of demonstrat- 
ing the class to which a particular immuno- 
globulin belongs, for example by immuno- 
electrophoresis (p. 111). 

Table 5.2 compares some of the features of 
the five known immunoglobulin classes. IgG is 
present in the plasma and extravascular spaces 
in the largest amount. IgG antitoxins are of 
importance because they combine with and 
neutralise toxins, thus protecting the individual 
fropa their harmful effects. There are receptors 
for the Fc part of IgG antibodies on polymorphs 
and macrophages which facilitate adherence 
Sod phagocytosis of the corresponding anti- 
gRha*-: The reaction of IgG antibody with the 


corresponding antigen can usually be de- 
monstrated in vitro (see below): it can cross the 
human placenta and in this way passive im- 
munity is transferred from mother to child. 
The four sub-classes of IgG ( 1 4) differ some- 
what in their properties, e.g. capacity to acti- 




Flg. 5.5 The structure of immunoglobulins. The 
monomeric Ig molecule consists of two heavy and 
two light chains ( upper and Fig. 5.1). IgA ( middle ) is 
secreted as a dimer, consisting of two monomeric 
units joined by J chains (heavy lines). Secretory IgA 
also contains a secretory piece (not shown). Lower, 
the pentameric IgM molecule, consisting of five 
monomers joined by J chains. Note that each unit 
has two antigen-combining sites (ACS), so that IgA 
dimer has four and IgM ten. (The heavy chains of Ig 
are angulated at the so-called hinge region, so that 
the unit molecule is Y-shaped: this is not shown in 
Fig. 5,1.) 
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vate complement (see below). These differences 
are referred to later in relation to topics in 
which they are of importance. IgM, a macro- 
globulin consisting of pentamers of the basic 
four-chain units or monomers (each of which 
has two antigen-combining sites) linked by J 
chains (Fig 5.5), is the first Ig class of antibody 
to be produced following the initial intro- 
duction of an antigen. Because of its 10 com- 
bining sites, it is usually of high avidity: it is 
especially effective in activating complement 
(see below), and its reactions are readily de- 
monstrated in vitro. Except in inflammatory 
lesions, it is largely confined to the plasma, 
where it has an important function in destroy- 
ing micro-organisms. The presence of IgM 
antibody, e.g. to rubella virus, indicates recent 
or continuing exposure to that antigen. IgA is 
secreted locally by plasma cells in the intestinal 
mucosa, the lacrimal glands, respiratory pass- 
ages and salivary glands. It is secreted by the 
plasma cells in the form of a dimer, the two 
molecules being linked by a J chain. Such 
locally produced IgA is taken up by the glan- 
dular and lining epithelial cells of these tissues 
and coupled with a carbohydrate ‘transport 
piece’ which renders it more resistant to di- 
gestive enzymes. In this form it is secreted in the 
tears, saliva, alimentary and salivary mucus, 
etc. and forms a lining, sometimes referred to 


as ‘antiseptic paint’, over the alimentary and 
respiratory mucous membranes and conjunc- 
tiva. IgA activates complement by the alterna- 
tive pathway and may enhance the bacteriolytic 
activity of lysozyme (p. 175). It is also present in 
the plasma in the form of monomers and 
dimers. IgE has the special property of attach- 
ing to tissue, particularly to mast cells and baso- 
phils, by means of its Fc fragment, leaving the 
specific combining sites (on the Fab fragments) 
available for union with antigen. If such union 
takes place, pharmacologically active sub- 
stances such as histamine are released, with the 
production of an anaphylactic hypersensitivity 
reaction within a few minutes (p. 146). The bio- 
logical properties of IgD are unknown, but it 
acts as a lymphocyte surface antigen-receptor 
(pp. 125, 128). 


Table 5.2 Size and plasma (or serum) con- 
centrations of immunoglobulins 


Class 

Molecular 

weight 

(daltons) 

Degree of 
polymerisation 

Concentration 
(normal serum) 
g/litre 

IgG 

150 000 

Monomer 

8-16 

IgM 

900 000 

Pentamer 

0-5-2 

IgA 

Mainly 150 000 

Mono- and dimer 

1-4-4 

IgD 

185 000 

Monomer 

0-0-4 

IgE 

200 000 

Monomer 

2-45 x 10- 7 


Demonstration 


This section and the following one on demon- 
stration of cell-mediated immunity are largely 
of a technical nature and are intentionally 
brief. To some extent, they interrupt the ac- 
count of the immune response which continues 
on p. 1 14. They do, however, illustrate the prac- 
tical aspects of what might otherwise seem to 
be largely an academic subject. Accordingly, 
the reader is advised not to skip them. 

The demonstration of antigen-antibody 
reactions is applicable equally to the detection 
and assay of antigen by means of a known 
antibody and of antibody by means of a known 
antigen. 

Antigen-antibody reactions in vivo may be 
demonstrated in three ways. 

(1) A potentially harmful antigenic substance 


may be rendered harmless by union with anti- 
body and not have the expected effect. For ex- 
ample, in the Schick test, intradermal injection 
of a small amount of diphtheria toxin into the 
skin of a non-immune individual results in an 
area of inflammation. The diphtheria antitoxin 
present in an immunised individual neutralises 
the toxin and so suppresses the inflammation. 
Similarly, antibodies to pathogenic micro- 
organisms may be demonstrated by their 
capacity to protect experimental animals 
against a lethal dose of the micro-organism. 

(2) A normally harmless stimulus may result 
in tissue injury, i.e. a hypersensitivity reaction. 
For example, inhalation of grass pollen may 
induce an attack of hay fever or asthma, 
mediated by its reaction with antibody specific 
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for grass pollen. In this instance, the antibody 
is usually of IgE class, but hypersensitivity 
reactions may result from the union in vivo of 
other classes of antibody with antigen: they are 
of considerable importance in disease processes 
and are described in Chapter 6. 

(3) In the special instance of antibodies 
which react with antigenic constituents of the 
host cells, death of the target cell may result, 
e.g. destruction of lymphocytes by anti-lym- 
phocyte serum. There are also rare examples of 
antibodies which alter the physiological activity 
of target cells, e.g. increased secretion of thy- 
roxin as a result of the reaction of auto-anti- 
body specific for the TSH-receptor of thyroid 
epithelium. By binding to the receptor, the 
antibody has the same effect as TSH. 

Antigen-antibody reactions in vitro may be 
demonstrated in various ways, depending on the 
nature of the antigen and the type and amount 
of antibody present. 

(1) Visible aggregation of antigen. Since each 
antibody molecule has at least two combining 
sites it can bind with two or more antigen 
molecules. If the antigen molecules contain 
several antigenic determinants, and if they are 
in solution, antibody can form cross-linkages 
between antigen molecules, uniting them in the 
form of a lattice (Fig. 5.6): if antigen and anti- 
body molecules are present in optimal combin- 
ing proportions the aggregates will be large 
(Fig. 5.6a) and visible as an insoluble precipi- 
tate (precipitin reaction). Lattice formation and 
therefore precipitation can be inhibited when 
an excessive amount of antigen saturates the 
combining sites on all the antibody molecules, 
and smaller complexes may then be formed 
(Fig. 5.6b). Conversely, when gross excess of 
antibody is present (Fig. 5.6c), each antigen 
combining site may fix a separate antibody 
molecule, and, once again, the complexes may 
be too small to form a visible precipitate (pro- 
zone effect). Optimum antigen-antibody pro- 
portions for lattice formation can readily be 
achieved by allowing antibody and antigen to 
diffuse towards each other through agar (Ouch- 
terlony technique, Fig. 5.7). The interpretation 
of agar diffusion tests involving antiserum 
raised against a complex mixture of antigens 
(aS; when human senim is injected into rabbits) 
^facilitated by partial separation of the con- 
stituent antigens by electrophoresis prior to 
the precipitin reaction; this method, called 



Fig. 5.6 The reaction of antigen and antibody (a) in 
optimal proportions to form large aggregates: (b) in 
antigen excess: (c) in antibody excess. In (b) and (c) 
small complexes are formed. In the case of soluble 
antigens, large aggregates form as in (a), and pro- 
duce a precipitate, whereas with particulate antigens, 
e.g. bacteria, formation of aggregates is termed agglu- 
tination. 


immunoelcctrophorcsis, is illustrated in Fig. 
5.8. 

When the antigen molecules are associated 
with a large particle, e.g. the antigenic de- 
terminants of the surface of a red cell or bacter- 



Fig. 5.7 Ouchteriony technique. The central well 
contains a solution of antigen. The well on the left 
contains the corresponding antiserum, and that on 
the right a negative control serum. A white line of 
precipitate, composed of antigen-antibody complex, 
has formed between the antigen and antibody wells. 
In this instance the antigen is thyrogjobulin and the 
test detects auto-antibody to thyroglobulin in the 
scrum of a patient with chrome thyroiditis. 
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Fig. 5.8 An illustration of the use of im- 
munoelectrophoresis to detect antigens. A mixture of 
antigens (in this case human serum in the upper well) 
is subjected to electrophoresis in agar. Antiserum 
(rabbit antiserum to whole human serum) is then 
placed in the trough and diffusion allowed to 
proceed. Each antigen reacts with the corresponding 
antibody to form an arc of precipitation, the posi- 
tion of which depends on the electrophoretic mob- 
ility of the antigen. Use of a single purified antigen 
(in this case the C3 component of human comple- 
ment in the lower well) helps to determine whether 
that antigen is present in the mixture. The upper and 
middle troughs contain antiserum to whole human 
serum and the lower trough antiserum to human C3. 


ium, or are adsorbed artificially onto red cells 
or latex particles, antibody causes aggregation 
of the particles (agglutination reaction). The vis- 
ible aggregation of large particles such as bac- 
teria can be effected by minute amounts of 
antibody. 

(2) Methods using anti-immunoglobulin. In 
certain circumstances antibody combines with 
antigen without causing aggregation. This may 
occur if the spatial arrangement of the antigen 
(e.g. the Rhesus antigen on the surface of red 
cells) prevents the divalent IgG antibody mole- 
cule from combining simultaneously with anti- 
genic determinant groups on two different red 
cells. In these circumstances, exposure of the 
Rhesus positive red cells to anti-Rhesus anti- 
body merely results in their being coated with 
IgG. However, the coated cells can be aggluti- 
nated by antibody against IgG (antiglobulin or 
Coombs’ reaction) (Fig. 5.9). 

A similar principle is used in the indirect 
immunofluorescence (indirect fluorescent anti- 
body) technique to detect insoluble antigen (e.g. 
bacterial capsular polysaccharide) in a his- 
tological section or smear. When this is ex- 
posed to antiserum the antibody combines with 
antigen without visible effect. The slide is 
washed to remove the antiserum, leaving only 
the specific antibody which is, of course, an 
immunoglobulin, attached to the antigen pre- 
sent in the section. Antibody to immunoglob- 
ulin, conjugated with a fluorescent dye such as 
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Fig. 5.9 Antigenic particles sensitised with a non- 
agglutinating antibody are agglutinated by antibody 
to immunoglobulin (antiglobulin reagent). 


fluorescein isothiocyanate, is then applied to 
the section or smear and the site of antigen- 
antibody combination is visualised by the pre- 
sence of the fluorescent antiglobulin when the 
section is examined microscopically with ultra- 
violet light (Figs. 5.10, 5.11). In the direct 
immunofluorescence technique the tissue or cells 
are washed to remove free immunoglobulins 
and treated directly with fluorescein-conjugated 
antiglobulin reagent. This demonstrates the 
binding of antibody (or the deposition of anti- 
gen-antibody complexes) in vivo. More recently, 
analogous techniques have been introduced in 
which antibody is labelled with the enzyme per- 
oxidase instead of with a fluorescent dye; per- 
oxidase can be localised as a dark deposit by 
ordinary light microscopy after appropriate 
histochemical treatment. 

(3) Methods using radioactive antigen. In the 
Farr technique, which is valuable in measuring 
antibody to soluble antigen, excess antigen 
labelled with radioisotope is added to anti- 
serum; the immunoglobulin (including antigen- 
antibody complexes) is then precipitated by 50 
per cent saturation with ammonium sulphate. 
Provided that the free antigen (uncombined 
with antibody) is not salted out by this 
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Fig. 5.10 The indirect immunofluorescence tech- 
nique performed on a tissue section. Top, tissue 
section on slide. Middle, section treated with anti- 
body (A ) to a tissue constituent and washed: anti- 
body molecules adhere to the tissue antigen. Bottom, 
section treated with fluorescein-conjugated antibody 
(□) to immunoglobulin: sites of antigen antibody 
reaction fluoresce in ultraviolet light. 

procedure, the amount of radioactivity pre- 
cipitated is proportional to the amount of anti- 
body in the serum. 

In the antiglobulin coprecipitation technique 

the amount of antibody to a given radioactive 
antigen can similarly be measured by precipita- 
tion with class-specific anti-Ig antibody instead 
of by a salting out procedure. 

Numerous very sensitive radioimmunoassays 
have been devised for the measurement of anti- 
gen or antibody. For example, the concentra- 
tion of insulin in the plasma may be measured 
by mixing the plasma with anti-insulin and 
radioactive insulin in standard amounts, and 
determining how much radioactive insulin is 
excluded, by the plasma insulin, from combin- 
ing with antibody. 

(4) Methods involving damage to cells. Anti- 
body combined with antigen on the surface of 
intact cells such as bacteria or erythrocytes can 
damage the cell membrane and cause lysis (par- 
tial dissolution) of the cells which is readily 
demonstrable. The lysis is mediated by a com- 
plex group of at least twenty factors present in 
fresh normal serum and known collectively as 
complement (p. 142), These factors are acti- 
vated, by tee Fc portions of IgM and IgG anti- 



Fig. 5.11 A positive indirect immunofluorescence 
test for antibody to thyroid epithelium. A frozen sec- 
tion of thyroid tissue has been treated with the 
serum undergoing test (from a patient with chronic 
thyroiditis), followed by treatment with fluorescein- 
conjugated anti-human-IgG. Note fluorescence of 
the thyroid epithelial cytoplasm. (U.V. microscopy.) 

bodies which have combined with antigen, and 
once activated they give rise to a chain of 
enzyme reactions culminating in digestion of 
the cell membrane where the antibody is 
attached. In the course of the reaction com- 
plement is used up, or ‘fixed’. 

(5) Complement fixation. Complement is 
fixed in many antigen-antibody reactions in 
addition to those involving cell-surface anti- 
gens. Invisible antigen-antibody reactions can 
often be demonstrated indirectly by allowing 
them to occur in the presence of a measured 
amount of complement and subsequently 
adding an indicator system, namely red cells 
coated with a ‘haemolytic’ antibody i.e. one 
which causes red cell lysis only in the presence 
of complement. Fixation of complement by the 
invisible antigen-antibody reaction prevents 
haemolysis in the indicator system (Fig. 5.12). 
A more detailed account of complement is 
given on p. 142. 

(6) Blocking antibody. In certain circum- 
stances (usually poorly defined), antibody can 
combine invisibly with antigen which thereby 
becomes unavailable for participation in a sub- 
sequent visible immunological reaction such as 
agglutination or cytotoxic damage. The pre- 
sence of blocking antibody in a serum can thus 
be demonstrated by a two-stage test 
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Fig. 5.12 The complement fixation reaction depends on the 'fixation’ of complement by an antigen-anti- 
body complex (upper line). The fixation of complement is demonstrated by non-lysis of subsequently added 
red cells coated with a haemolytic antibody. If there is no antigen-antibody reaction (lower line), comple- 
ment is not used up and lyses the sensitised red cells. 


Demonstration of cell-mediated immunity 


As noted on p. 103, immune responses to most 
antigens induce not only the production of 
antibody but also cell-mediated immunity 
(CMI), i.e. the production of specifically 
primed lymphocytes which are capable of 
reacting with the inducing antigen. When such 
lymphocytes encounter the antigen, they release 
biologically-active compounds termed lympho- 
kines (p. 157), one of which causes an acute 
inflammatory reaction, while another immobi- 
lises macrophages. The reacting lymphocytes 
also enlarge and undergo mitosis and stimulate 
mitosis in other lymphocytes. Tests for CMI 
are based on such changes. It is demonstrated 
most readily in vivo by intradermal injection of 
the antigen, which leads to an indurated ery- 
thematous lesion in the dermis maximal in 24- 
72 hours — the delayed hypersensitivity reaction. 
During the development of the lesion there is 
early but transient emigration of polymorphs, 
followed by an increasing accumulation of 
lymphocytes and some macrophages around 
venules, hair follicles and sweat glands: this is 
accompanied by inflammatory hyperaemia and 
oedema (Fig. 6.8, p. 158). CMI may also be 
demonstrated in animals by injecting the anti- 
gen into the cornea which becomes opaque 24- 
48 hours later as a result of migration of mono- 
nuclear cells into it. These sites are convenient 
for eliciting delayed hypersensitivity reactions, 
but all tissues are reactive, for the sensitised 
small lymphocytes circulate through the blood 
and lymphoid tissues and can migrate into any 
tissue. 


A classical example of CMI is that which 
develops to tuberculoprotein in most indivi- 
duals who are (or have been) infected with 
Mycobacterium tuberculosis or following in- 
oculation with BCG (an attenuated strain of 
Mycobacterium bovis). The Mantoux test (p. 
157), in which more or less purified tuberculo- 
protein is injected intradermally, is a classical 
delayed hypersensitivity reaction. 

Skin tests with appropriate antigens may be 
used similarly to test for CMI to various other 
micro-organisms, including viruses and fungi. 
They are also useful to elicit CMI to certain 
simple chemicals which, when applied to the 
skin, act as haptens and by combining with 
skin proteins become immunogenic: examples 
include /j-phenylene diamine (in some hair dyes) 
and nickel salts (derived from nickel clasps on 
underwear, etc.): once CMI has developed, 
further application of the chemical to the skin 
results in an inflammatory lesion known as 
contact dermatitis, which is simply a delayed 
hypersensitivity reaction. 

CMI may also be demonstrated in vitro by 
observing the effect of the appropriate antigen 
on living cells from an immune individual. For 
example, if leukocytes are placed in a capillary 
tube immersed horizontally in tissue culture 
medium, the cells migrate from the open end of 
the tube: such migration is inhibited by adding 
the antigen to the tissue culture medium. 
Secondly, when lymphocytes from the blood 
of an immunised individual are maintained in 
culture in the presence of the antigen, a pro- 
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portion of them transform into larger cells 
(lymphoblasts) with basophilic cytoplasm, syn- 
thesise DNA and undergo mitosis. Addition of 
radio-active thymidine to the culture medium 
and subsequent determination of its incorpora- 
tion into DNA is a method of assessing the 
transformation. Such in vitro methods are being 
used increasingly to demonstrate CM I to vari- 
ous micro-organisms and other antigens. 

A further method of determining the capa- 
city of experimental animals to develop CM I 
consists in the application of a tissue allograft 
or xenograft; CM I normally develops to such 
foreign tissue and plays an important role in its 
destruction by the host: failure to reject a 
foreign skin graft is thus evidence of deficient 
CMI. 

In experimental work it is sometimes useful 
to induce in animals CMI to soluble proteins 
and other antigens which, when injected alone, 
usually induce antibody production but only 
feeble CMI: the latter may be enhanced greatly 


by mixing the antigen with killed Myco. tuber- 
culosis, other mycobacteria, or a peptido- 
glyeolipid extracted from the walls of such 
organisms and injecting it in the form of an 
emulsion containing droplets of light mineral 
oil (Freund’s type of 'adjuvant'). 

It should be noted that the demonstration of 
CMI in vivo is by elieitating a delayed hyper- 
sensitivity reaction which is a destructive lesion 
and may, if severe, progress to necrosis. De- 
layed hypersensitivity reactions occur naturally, 
e.g. in various infections and in contact derma- 
titis, and are responsible for most of the tissue 
injury in tuberculosis. CMI does, however, 
afford protection against various micro-orga- 
nisms, notably viruses, fungi and many of the 
bacteria which cause chronic infections. This 
is well illustrated by children with congenital 
agammaglobulinaemia who cannot produce 
antibodies and yet overcome most viral infec- 
tions normally unless they arc also deficient in 
CMI. 


The Cellular Basis of the Immune Response 


So far, this account has concentrated mainly on 
describing the usual products of antigenic stim- 
ulation, i.e. antibodies and specifically-primed 
lymphocytes, capable of reacting with the anti- 
gen. We must now consider in detail the cel- 
lular events involved in these responses. 

The cytology of immunological phenomena 
is complex but is worth studying in some detail, 
not only because of the vital importance of spe- 
cific immunity, but also because it illustrates 
the complexity of the systems by which eukary- 
otic cells communicate with one another and 
co-ordinate their activities. Most of the ad- 
vances have been based on the manipulation 
of cells and tissues of experimental animals, but 
the features of immune responses and of natur- 
ally occurring immunodeficiency states in man, 
the effects of therapeutic immunosuppression, 
and investigation of human lymphocytes in 
vitro all indicate that the same basic rules 
apply. 

The main features of the cellul ar basis of 
antibody production and cell-mediated im- 
munity may be summarised as follows. 


1 . Cell-mediated immunity and antibody 
production are both attributable to lym- 
phocytes capable of recognising and 
responding specifically to the stimulus 
provided by an antigen, i.e. specifically- 
responsive lymphocytes. 

2. At some stage in their development, lym- 
phocytes become ‘committed 1 , i.e. capable 
of responding only to a particular antigenic 
determinant group, or to closely similar 
determinant groups. Lymphocyte popula- 
tions thus consist of individual cells which 
differ in the antigens to which they can 
respond. In consequence, no one antigen 
can stimulate a response in more than a 
small proportion of them. 

3. The specifically responsive lymphocytes 
which bring about cell-mediated immunity 
are thymus-dependent or T lymphocytes. 
They develop from stem cells in the 
thymus under the influence of a thymic 
hormone and many of them leave the 
thymus and reach the various other lym- 
phoid tissues. 



4. On encountering an antigen to which it is 
specifically responsive, the T lymphocyte 
proliferates in the lymphoid tissues to pro- 
duce a clone of lymphocytes, all of which 
are capable of reacting with that antigen — 
specifically-primed T lymphocytes. These 
are responsible for delayed hypersen- 
sitivity reactions. 

5. The specifically-responsive lymphocytes 
which bring about antibody production 
are thymus-independent and are termed B 
lymphocytes. In mammals, they develop 
from stem cells in the haemopoietic tissue 
from which many of them migrate and 
pass to the various other lymphoid tissues. 

6. On encountering an antigen to which it is 
specifically responsive, the B lymphocyte, 
like the T lymphocyte, proliferates in the 
lymphoid tissues to form a clone of cells 
capable of reacting with that antigen. 
Some cells of the clone differentiate into 
plasma cells and secrete antibody which 
also is capable of reacting with the 
antigen. The plasma cells are thus derived 
from B lymphocytes. 

7. Some of the lymphocytes produced by 
antigen-induced proliferation of T and B 
lymphocytes persist as memory cells. In 
other words, antigenic stimulation in- 
creases the number of T and B lympho- 
cytes capable of reacting with that antigen, 
and some of these lymphocytes are long- 
lived and are responsible for a secondary 
response on subsequent stimulation by the 
antigen. 

8. Although T lymphocytes do not give rise 
to antibody-producing plasma cells, they 
co-operate with B cells in antibody re- 
sponses, and such co-operation enhances 
the production of antibody to most anti- 
gens, and is essential for some antibody 
responses. T lymphocytes can also have a 
suppressive effect on immune responses. 

9. In some circumstances, antigenic stimula- 
tion results in neither antibody production 
nor cell-mediated immunity, but renders 
the individual specifically unresponsive to 
subsequent challenge by that antigen. This 
unresponsive state is termed acquired im- 
munological tolerance. It provides an ex- 
planation of why we do not usually re- 
spond strongly to antigens in our own 
cells and tissues, and it plays an important 
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role in successful transplantation of 

foreign cells and tissues. 

These basic features of immune responses are 
considered more fully below. 

The specifically responsive 
lymphocyte 

For the development of specific immunity, it is 
necessary that cells should recognise specific 
determinant sites (epitopes) on antigenic mole- 
cules, and should respond to them in ways that 
lead to the production of antibodies and 
primed lymphocytes, both of which are capable 
of reacting specifically with the antigen. Much 
of the credit for demonstrating that these 
cells — the keystones of the immune response — 
are lymphocytes, is due to Gowans and others 
(see Gowans, 1966). They used techniques in 
which lymphocytes were removed from rats by 
thoracic duct drainage. By drainage for several 
days, the cell-free fluid being returned to the 
rat, depletion of a population of small lym- 
phocytes was achieved and the depleted rats 
were found to be defective in their responses to 
antigenic stimulation. For example, when 
challenged by injection of sheep erythrocytes or 
tetanus toxoid they made poor antibody re- 
sponses, and when grafted with skin from an 
allogeneic rat they did not reject the graft, in- 
dicating failure of the normal cell-mediated 
response to the graft antigens. These im- 
munological deficiencies were corrected by in- 
jection of small lymphocytes from the thoracic 
duct of a normal rat, and when the donor had 
been previously immunised, e.g. by a skin allo- 
graft or an injection of sheep erythrocytes, the 
recipient showed the rapid and intense response 
to antigenic challenge which is characteristic of 
the secondary response. These observations sug- 
gested that small lymphocytes in thoracic duct 
lymph are essential for primary immune re- 
sponses, and showed more conclusively that they 
include specifically responsive cells resulting 
from a previous immune response, i.e. im- 
munological memory cells (thus explaining the 
rapidity of the secondary response). Gowans’ 
findings have since been confirmed by many other 
workers and have been shown to apply to several 
mammalian and avian species. Animals depleted 
of lymphocytes by various other methods (p. 121) 
have also been shown to be immunologically 
deficient and the deficiency is corrected by injec- 
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tion of lymphocytes from normal animals. 
Moreover, in such experiments it has been shown 
by cell labelling techniques that the donated lym- 
phocytes proliferate and give rise to the plasma 
cells which produce antibody and the lympho- 
cytes responsible for cell-mediated immunity. 


By such experiments, it has been firmly estab- 
lished that, in both primary and secondary 
immune responses, the cells capable of recog- 
nising the antigen and of responding specifically 
to it by production of antibody or cell-mediated 
immunity, are lymphocytes. 


The origin of lymphocytes: the primary lymphoid organs 


Evidence is presented below that the thymus is 
the original source of a major population of 
lymphocytes termed thymus-dependent or T 
lymphocytes, and that there is a second popula- 
tion of lymphocytes which, in birds, arises in a 
pouch-like outgrowth of the hind-gut, the bursa 
of Fabricius. In mammals, this second popula- 
tion, termed B lymphocytes, originates mainly, 
and probably solely, in the haemopoietic tissue. 
Production of lymphocytes in the thymus and 
haemopoietic tissue occurs spontaneously, 
being quite independent of antigenic stimula- 
tion, and they are commonly called the primary 
lymphoid organs. 

The origin of T lymphocytes: 
the thymus 

Development. The thymus develops from bi- 
lateral epithelial ingrowths of the endoderm of 
the 3rd and 4th branchial arches accompanied 
by mesenchyme which is probably of ectoder- 
mal origin. In most mammals, these ingrowths 
fuse to form a single organ. Meanwhile some of 
the haemopoietic stem cells, developing in the 
yolk sac and migrating into the blood, settle in 
the thymus where they proliferate rapidly and 
differentiate into lymphocytes. The thymus 
now appears as a tabulated organ (Fig. 5.13) in 
which the outer or cortical layer is crowded 
with proliferating lymphocytes lying in a net- 
work of epithelial cells. In the inner or medul- 
lary layer, lymphopoiesis is less active and there 
are aggregates of epithelial cells (Hassall’s cor- 
puscles). 

Colonisation of the thymus by stem cells from the 
blood has been demonstrated by tissue-culture stu- 
dies of embryonic thymic tissue and by thymus graft- 
ing experiments. For example, Le Douaxin (1977) 
i and others showed that when the epithelial thymus 



Fig. 5.13 Thymus in childhood, showing lobulation 
and division into cortex (darker areas) and medulla, 
x 30. 


of an early Japanese quail embryo was implanted for 
two days in a chick embryo,* and then transferred 
back to a quail embryo, the lymphocytes first de- 
veloping in it were of chick origin, derived from stem 
cells in the blood which settled in the graft during its 
sojourn in the chick embryo. Subsequently stem cells 
from the second (quail) host settled in the graft, and 
quail lymphocytes developed in it. 

By other cell transfer experiments it has been 
shown that stem cells capable of colonising the 
thymus originate in haemopoietic tissue, appearing 
first in the yolk sac, then in the fetal liver and sub- 
sequently in the bone marrow. 

Similar experiments with mice, using chromo- 
somal morphological markers to distinguish between 


can be distinguished morphologically. 
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donor and host lymphocytes, have led to the same 
conclusions. 

Function. Until quite recently the thymus was 
an organ of mystery. Unlike the other lym- 
phoid tissues (lymph nodes, spleen, tonsils, etc.) 
it is not a site of significant immune responses 
following exposure to antigen, and the prolifer- 
ation of lymphocytes ir the thymic cortex, 
which is maximal around the time of birth but 
continues throughout life, is quite independent 
of antigenic challenge. This suggested that the 
thymus supplies lymphocytes, but many lym- 
phocytes produced in the cortex die in situ, 
their nuclear debris being conspicuous in mac- 
rophages, and export of thymic lymphocytes 
remained for long no more than a likely possi- 
bility. Nor did early studies of thymectomy 
elucidate thymic function, for no important 
immunological effects were observed. 

The important clue to thymic function came 
from the observation by Good and his co- 
workers (1964) and others that congenital im- 
munological deficiency states in man were some- 
times associated with thymic abnormalities. 
Miller (1964) then demonstrated that mice thy- 
mectomised at birth failed to thrive and com- 
monly died of a wasting disease since shown to 
be due mainly to infections. The thymecto- 
mised mice were shown to be defective in cell- 
mediated immune responses and in their anti- 
body responses to some antigens. They were also 
deficient in lymphocytes in the blood, thoracic 
duct lymph, and parts of the lymph nodes, 
spleen, tonsils, etc. These deficiencies were soon 
shown to be prevented, or completely and per- 
manently corrected, by a syngeneic thymus 
graft, while lymph node or spleen cells from 
normal mice were partially restorative. Similar 
deficiencies occur spontaneously in an inbred 
strain (nu nu ) of mice with thymic aplasia. 

It thus appears that, in mice, the presence of 
the thymus is necessary for the development of 
a major population of lymphocytes which are 
responsible for cell-mediated immune responses 
arid which also influence antibody production. 
By preparation and use of suitable antisera, 
mouse thymocytes have been shown to exhibit 
various surface antigens, some of which (e.g. 6 
or Thy-1 antigens) are shared by many of the 
lymphocytes in the blood, lymph and other 
lymphoid tissues. It is these lymphocytes with 
‘thymic markers’ which fail to develop follow- 
ing neonatal thymectomy or in nu nu mice; 


accordingly they are termed the thymus- 
dependent or T lymphocytes, and mice lacking 
them are sometimes termed ‘B’ mice. 

The same immunological and T-cell deficien- 
cies as occur in mice have been shown to follow 
neonatal thymectomy in several other species, 
and can be prevented or corrected by thymus 
grafts. In man, the T lymphocyte population 
develops long before birth, but congenital fail- 
ure of thymic development (p. 170) is associ- 
ated with the same features as neonatal thymec- 
tomy in mice. 

It has also been demonstrated in a number of spe- 
cies that, in conditions much closer to the physio- 
logical state than in the experiments described above, 
the thymus supplies lymphocytes to the other lym- 
phoid tissues. This was done by injecting ^-thymi- 
dine into the thymus, so that it became incorporated 
in the nuclei of dividing thymocytes: labelled lym- 
phocytes were subsequently detected by auto-radio- 
graphy in the other lymphoid tissues. 

Thymic function in the adult. As the thymus 
slowly involutes following puberty, its lympho- 
poietic activity diminishes but does not cease 
entirely, even in old age. The diminishing im- 
portance of the thymus is illustrated by perform- 
ing thymectomy in mice after the neonatal 
period: the longer it is delayed, the less its 
effect. This is clearly because the thymus pro- 
vides much of the T-lymphocyte population 
shortly after birth. Even in adult mice, how- 
ever, thymectomy has some effect, for a year or 
more later the mice show deficient cell-medi- 
ated immunity as illustrated by reduced capacity 
to reject a skin allograft. Similarly in man, thy- 
mectomy in young adults (performed therapeu- 
tically in patients with myasthenia gravis) has no 
immediate immunological effect, but defective 
cell-mediated immunity and a diminution in T 
lymphocytes in the blood has been reported in 
patients examined 15 or more years later. 

In spite of its involuted state in the adult, the 
thymus remains capable of replacing the whole 
T-lymphocyte pool. This is demonstrated by 
subjecting mice to a dose of x-irradiation which 
destroys virtually all the body’s lymphocytes 
and haemopoietic stem cells, and administering 
bone marrow cells to restore the haemopoietic 
tissue. Regeneration of the T lymphocytes 
(from haemopoietic stem cells) is dependent on 
the presence of the thymus and is prevented by 
concomitant thymectomy. 

The thymus thus produces and exports T 
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lymphocytes (Fig. 5.14). This occurs maximally 
during fetal life or shortly after birth ( depending 
on species). Thymectomy before production of 
the T-lymphocyte population results in a virtual 
absence of T cells and consequent severe im- 
munological deficiencies. The thymus continues 
to supply T lymphocytes after birth but this func- 
tion becomes progressively less important with 
age, the T-lymphocyte population, which in- 
cludes much of the individual’s immunological 
experience stored in memory cells, becoming in- 
creasingly self-sufficient. 

Thymic lymphopoietic hormone. There is evi- 
dence that the thymus produces a hormone, 
‘thymosin’, which stimulates differentiation and 
proliferation of T lymphocytes. This was first 
suspected when implantation of thymic tissue 
enclosed in cell-proof diffusion chambers was 
found to restore partially the T-lymphocyte 
population of neonatally thymectomised mice. 
Subsequently, extracts of thymic tissue have 
been shown to have a similar effect, and similar 
activity has been detected in normal human 
and mouse plasma, but is absent following thy- 
mectomy. According to Bach, et al. (1975), the 
plasma activity in man decreases with age, an 


observation which accords well with the 
normal process of thymic involution. It thus 
seems likely that production of T lymphocytes 
in the thymus is stimulated by the local effect 
of thymic hormone. 

Although administration of thymus extract 
has some influence on differentiation of T lym- 
phocytes in the thymectomised animal, there is 
no strong evidence that production of mature T 
lymphocytes from stem cells can occur without 
the thymus. 

From electron-microscopic and other obser- 
vations, the thymic epithelium seems the most 
likely source of thymosin. 

The origin of B lymphocytes 

In birds, the bursa of Fabricius , like the thymus, 
develops as an epithelial organ and is invaded 
in embryonic life by haemopoietic stem cells 
which proliferate and differentiate into lym- 
phocytes: these, in turn, enter the blood and help 
to populate the lymph nodes, spleen, etc. They 
constitute a second major population of lym- 
phocytes, termed B lymphocytes (B for bursa- 
dependent), and bursectomy of the embryo 
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results in failure to develop B lymphocytes. 
Such birds develop T cells normally, and can 
make cell-mediated immune responses, but they 
lack plasma cells and cannot make antibodies; 
accordingly, the plasma is devoid of immuno- 
globulins (‘agammaglobulinaemia’). 

The haemopoietic marrow of mammals con- 
tains large numbers of lymphocytes which are 


rapidly labelled by 3 H-thymidine (p. 117), i.e. 
they are an actively dividing population, and 
the labelled immature cells mature into B lym- 
phocytes, some of which can subsequently be 
detected in the lymph nodes, spleen, etc. Haemo- 
poietic tissue is thus a site of production of B 
lymphocytes from stem cells (Fig. 5.14), but it is 
not known whether it is the only site. 


Lymphocytes in the secondary lymphoid tissues, blood and 
lymphatics 


In contrast to the primary lymphoid organs, in 
which generation of lymphocytes is independ- 
ent of antigenic stimulation, lymphocyte prolif- 
eration in the secondary lymphoid tissues ( lymph 
nodes, spleen, tonsils, Peyer’s patches, etc.) is a 
response to antigenic stimulation. 

The secondary lymphoid tissues receive from 
the primary lymphoid tissues T and B lym- 
phocytes which have not yet responded to anti- 
genic stimulation (‘virgin’ lymphocytes). When 
antigen is introduced into the body, those 
virgin lymphocytes capable of responding to it 
undergo a clonal proliferation, giving rise to 
the effector and memory cells of the primary 
immune response. The effector cells are those 
cells responsible for the defensive mechanisms 
of specific immunity; they include the plasma 
cells which secrete antibody and the cytotoxic 
T lymphocytes which react directly with anti- 
gen and mediate the delayed hypersensitivity 
reaction. Memory cells of T and B origin are 
small lymphocytes specifically primed to react 
with the antigen which has induced their pro- 
duction. On second or subsequent introduction 
of a particular antigen into the body, the 
immune response is augmented by participa- 
tion of T and B memory lymphocytes in the 
secondary lymphoid tissues: these cells give rise 
to large numbers of effector cells and also 
memory cells, and are responsible for the 
rapidity and intensity of secondary immune 
responses. 

The secondary lymphoid tissues (lymph 
nodes, spleen, tonsils, Peyer’s patches, etc.) 
contain a complex mixture of T and B cells, 
and the situation is further complicated by 
the continuous redistribution of lymphocytes 
via the blood and lymphatics. Considerable 
progress has, however, been made in defining 
and identifying the major lymphocyte sub- 


populations in the secondary lymphoid tissues 
and the blood, and in elucidating their lifespan, 
function and migratory behaviour. The main 
features are described briefly in the following 
sections, but first it is necessary to note some of 
the methods of recognising T and B lympho- 
cytes. 

Identification of T and B lymphocytes 

Although morphologically similar, T and B 
lymphocytes differ in a number of ways. It is, 
however, important to appreciate that the feat- 
ures of both types of cell change during their 
life cycle. The situation is further complicated 
by the existence of subsets of lymphocytes with 
features not characteristic of either T or B cells, 
the nature of which is uncertain. Some of the 
features used for identification are summarised 
below. 

Surface antigens. Depending on their degree of 
maturity, the lymphocytes of various species, includ- 
ing man, may be identified by hetero-antisera speci- 
fic for T and B cells. Such antisera may be used to 
identify individual cells by immunofluorescence or, 
together with complement, to destroy either T or B 
cells in vivo or in vitro. 

Intracellular esterase activity is readily demon- 
strable in T, but not in B, lymphocytes. 

Response to mitogens. A number of substances 
induce mitosis preferentially in T or B cells. For ex- 
ample, phytohaemagglutinin and concanavalin A 
induce mitosis mainly in T cells while bacterial lipo- 
polysaccharides induce B-cell mitosis. Using these 
and other reagents, in vitro mitotic activity may be 
assessed by incorporation of 3 H-thymidine, but these 
tests are used mainly as indirect indications of T or 
B cell functional activity and are unsuited to iden- 
tifying individual lymphocytes. 

Surface immunoglobulin. As they mature in the 
haemopoietic marrow, B lymphocytes develop sur- 
face immunoglobulin; this is detectable in both 
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virgin and memory B cells, and also up to a late 
stage of differentiation of B cells into plasma cells. 
Surface Ig may be detected by use of anti-Ig antisera 
(Fig. 5.15). 

Receptors for Fc. B cells and K cells (see below) 
have surface receptors for the Fc part of IgG which 
has been aggregated by heat or complexed to an 
antigen. Fc receptors may be demonstrated by the 
binding of antibody-sensitised red cells to form ros- 
ettes (Fig. 5.16) or fluorescein-labelled antigen-anti- 
body complexes. Some T cells also develop receptors 
for the Fc of IgG, and these are also a feature of 
monocytes, macrophages and polymorphonuclear 
leukocytes. Monocytes and polymorphs and some B 
cells also bind complement component C3b. On in- 
cubation in vitro , some T cells develop receptors for 
the Fc part of IgM. 

Receptors for red cells. Human thymocytes and T 
lymphocytes are capable of binding sheep red cells in 
vitro to form rosettes (Fig. 5.16). This is a chance 
finding, the significance of which is obscure. 

In our experience, approximately 70 per cent of 
human blood lymphocytes form rosettes with sheep 
red cells; about 28 per cent form Fc rosettes with 
antibody-sensitised red cells, and of these rather less 
than half are B cells (positive for surface Ig) and the 
remainder (‘null’ cells) include the K-cell population 
(p. 152). 
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Fig. 5.15 The demonstration of surface Ig in 
human B lymphocytes by immunofluorescence, 
using labelled anti-Ig. Surface Ig is seen in four cells: 
it is forming aggregates on the cell surface, and in 
the upper central cell exhibits ‘capping’ (p. 125). 



Figw 5.16 Use of rosette formation to detect lym- 
phocyte surface markers, a, a T lymphocyte binding 
sheep red cells, b, a lymphocyte binding (chicken) 
tpd cells sensitised with IgG antibody, indicating 
thal the lymphocyte has surface receptors for the Fc 
Of IgG; ,, ' ' t , , 


Electron microscopy reveals differences between T 
and B cells, but some cells have features intermediate 
between the two. 

The long-lived recirculating 
lymphocytes 

In their experiments on rats, Gowans and 
others (p. 1 1 5) showed that when thoracic duct 
drainage was continued for several days, the 
number of small lymphocytes in thoracic duct 
lymph fell rapidly and the lymph nodes and 
spleen became partially depleted of small lym- 
phocytes. They also showed that lymphocyte 
depletion was prevented by re-injecting the 
lymphocytes intravenously , and that when the 
cells were radio-labelled before return to the 
animal, most of the labelled cells reappeared in 
the thoracic duct lymph within the next few 
days. It was thus demonstrated that large num- 
bers of small lymphocytes recirculate continu- 
ously between the blood, secondary lymphoid 
tissues and major lymphatics. This has since been 
shown to apply also to the mouse, sheep, bovines 
and man. Curiously, recirculation of lym- 
phocytes is much less apparent in the pig. 

Normally, about 80 per cent of the thoracic 
duct small lymphocytes are T cells and the rest 
are B cells. In thoracic duct drainage, the 
number of T cells removed falls rapidly, while 
the fall in numbers of B cells is much slower. 
Correspondingly, the lymph nodes, spleen and 
blood are depleted of T cells rapidly and of B 
cells slowly. In the mouse, this difference in 
depletion rate has been shown to be due partly 
to the greater rapidity of T-lymphocyte re- 
circulation, and partly to the longer lifespan of 
T cells. By contrast, B lymphocytes recirculate 
more slowly and have a shorter lifespan. 

The pathway and lifespan of recirculating T 
lymphocytes 

The recirculating pathway of T lymphocytes 
has been elucidated by Parrott and de Sousa 
(1971) and other workers, usually by injecting 
intravenously lymphocytes radio-labelled with 
3 H-thymidine or 3 H-uridine (which is incorpor- 
ated into RNA) and following their distribu- 
tion in the body by autoradiography of tissue 
sections or smears. Such experiments have 
shown that T lymphocytes in the blood gain 
entrance to the lymph nodes by migrating 
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through the walls of post-capillary venules in 
the paracortex (also termed deep cortex) of the 
nodes. These venules have unusually tall endo- 
thelial cells, and the migrating lymphocytes pass 
between them (Fig. 5.17) to enter the paracor- 
tex, which contains mainly T lymphocytes and 
has been termed the T-dependent zone of lymph 
nodes. In neonatally thymectomised or athymic 
(nu nu ) mice, these zones lack lymphocytes 
(Fig. 5.18) and similar depletion is produced by 
thoracic duct drainage or by destroying T lym- 
phocytes by a heterologous anti-lymphocyte 
serum. Similar depletion of the T-dependent 
zones is observed in children with congenital 
thymic aplasia (p. 170). From the paracortex, 
the lymphocytes migrate to the medullary sin- 
uses, and thus to the efferent lymphatic. They 
then pass via the lymphatics to the blood, thus 
completing the cycle (Fig. 5.19). T lymphocytes 
pursue a similar course through T-dependent 
zones of the tonsils, Peyer’s patches and Mal- 
. , _ , pighian bodies (white pulp) of the spleen. In 
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lymphocyte on the luminal surface, several lying bodies of the spleen in about 6 hours and 
between endothelial cells, and others in the sur- through the lymph nodes in about 18 hours, 
rounding sheath, x 1200. (Dr. Gutta I. Schoefl.) T lymphocytes also leave the blood, although 
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Fig. 5.18 Mouse lymph nodes, showing the influence of the thymus on the histological appearances, a, 
normal lymph node, showing a cortical follicle (top right), and the deep cortex which occupies the lower two 
thirds of the field, b, lymph node from an athymic mouse: the superficial cortex shows little abnormality, but 
the deep cortex is almost devoid of lymphoid cells and consists largely of ‘reticulum cells’, x 150. (Professor 
D. M. V. Parrott and Dr. M. A. B. de Sousa.) 
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in smaller numbers, in the various non-lym- 
phoid tissues of the body and return to the 
draining lymph nodes via the afferent lym- 
phatics. 

As explained on p. 119, the recirculating 
small T lymphocytes include memory cells 
derived from a previous antigenic stimulus. 
Recent work suggests that virgin lymphocytes 
supplied by the thymus do not join the pool 
directly. 

In the mouse, the number of virgin T lymphocytes 
leaving the thymus is much greater than the number 
entering the recirculating T-lymphocyte pool. When 
the nuclei of thymic cortical lymphocytes are radio- 
labelled by injecting 3 H-thymidine directly into the 
thymus, labelled cells can be detected subsequently 
in the Malpighian bodies of the spleen, but only a 
few appear in the lymph nodes or thoracic duct 
lymph. Such cells do not, however, accumulate pro- 
gressively in the spleen, and most of them apparently 
die within a few days of leaving the thymus. It has 
been suggested that, to avoid this fate, the virgin T 
lymphocyte must encounter an antigen to which it 
can respond; it then undergoes proliferation and 
provides effector cells and memory cells. This is sup- 
ported by the fact that gnotobiotic animals (reared 
from birth in a germ-free state) fail to develop the 
recirculating T-lymphocyte pool, although lympho- 
poiesis in the thymus proceeds normally and some 
short-lived T lymphocytes (presumably virgin cells) 
can be detected in the spleen. They may circulate 
between the blood and lymph nodes, spleen, etc. 
during their short lifespan, but this has not been 
established with certainty. 

It thus appears likely that the recirculating 
T-lymphocyte pool consists mainly of memory 
cells. This being so, they would be expected to 
be long-lived; this has been confirmed by ad- 
ministering injections of 3 H-thymidine over 
periods of several weeks and observing the rate 
of labelling of T lymphocytes in the recirculat- 
ing pool (usually by autoradiography of cells in 
the thoracic duct or blood), and the duration of 
their persistence after stopping the injections. 
In mice it has been estimated that their lifespan 
is approximately 6 months: in rats it appears to 
exceed 1 year. The lifespan of human T lym- 
phocytes is not known, but it is thought to be 
many years. This is based on the finding of 
lymphocytes with chromosomal abnormalities 
incompatible with successful mitosis in the 
blood of patients treated by, radiotherapy many 
yearsbrfote(Fig.2.30, p.37). 

Analysis of small lymphocytes in the blood. 
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Fig. 5.19 The recirculation pathway of long-lived T 
lymphocytes (TL) and B lymphocytes (BL). 

lymph nodes and thoracic duct has shown that 
70-80 per cent of them are cells of the recir- 
culating T-lymphocyte pool, and the degree of 
depletion effected by prolonged thoracic duct 
drainage agrees with this estimate. 

A small percentage of T cells in the blood 
and thoracic duct are not small lymphocytes 
but larger ‘blast’ cells. These have arisen in the 
proliferative responses to various antigenic 
stimuli: experimental studies suggest that many 
of them settle and die in the secondary lym- 
phoid tissues, notably those lining the gut, 
while a few differentiate into small lymphocytes 
and join the recirculating pool. 

The pathway and lifespan of recirculating B 
lymphocytes 

Most, if not all, of the small B lymphocytes in 
the blood, thoracic duct and secondary lym- 
phoid tissues are recirculating cells. This has 
been established by experiments similar to 
those described above for T cells. They appear 
to leave the blood by the same route as T lym- 
phocytes, i.e. via the post-capillary venules in 
lymph nodes, tonsils, Peyer’s patches, etc., but 
they then come to occupy B-dependent zones of 
these secondary lymphoid tissues: in the lymph 
nodes they pass into and through the superfi- 
cial cortex (cortical nodules — Fig. 5.30, p. 136) 
and medulla, and leave by the efferent lym- 
phatic to return to the blood (Fig. 5.19). In the 
spleen they pass into the peripheral zone of the 
Malpighian bodies and presumably leave by 
the venous sinuses of the red pulp. These B-cell 
zones are depleted by thoracic duct drainage, 
but this takes longer than T-cell depletion be- 
cause the small B lymphocytes recirculate less 
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actively, and their lifespan (in mice approxi- 
mately 6 weeks) is distinctly shorter than that 
of recirculating T lymphocytes. 

There are occasional large B ‘blast’ cells in 
the thoracic duct and blood: these cells have 
arisen in the proliferative response to various 
antigenic stimuli: many of them differentiate 
into plasma cells, some in the lamina propria of 
the gut where they produce IgA antibodies, 
others in the lymph nodes, etc. where they 
mostly produce antibodies of other classes. 

As with the T cells, it is unlikely that virgin B lym- 
phocytes leaving the primary lymphoid organ (in 
mammals the haemopoietic marrow) enter directly 
into the recirculating lymphocyte pool. The number 
of B lymphocytes leaving the marrow appears to 
exceed greatly the number of lymphocytes entering 
the recirculating pool. Like virgin T cells, many ap- 
parently die quickly, probably in the spleen, and it 
may be that the recirculating B lymphocytes are 
mainly memory cells resulting from proliferation of 
those virgin cells which meet an antigen to which 
they can respond by proliferation. 

Accordingly, the recirculating T and B 
lymphocytes, which make up the great majority 
of small lymphocytes in the secondary lymphoid 
organs, blood and lymphatics, are likely to con- 
sist mainly of relatively long-lived memory cells. 

Once antigen has been encountered, the pri- 
mary immune response will have resulted in 
addition of specifically responsive T and B 
memory cells to the recirculating lymphocyte 
pool. On subsequent encounter with the same 
antigen, it is these memory cells which are re- 
sponsible for the rapid and enhanced secondary 
antibody response and strong cell-mediated 
immunity (Fig. 5.20). 

In both primary and secondary antibody re- 
sponses, the proliferating B cells differentiate 
into effector cells (antibody-producing end- 
stage plasma cells) and B memory cells which 



Fig. 5.20 The secondary immune response. The 
appropriately primed T and B memory cells in the 
recirculating lymphocyte pool proliferate in the 
secondary lymphoid tissues, providing memory cells 
(which re-join the recirculating pool) and effector 
cells. The effector B cell is the plasma cell. The effec- 
tor T cells include proliferating ‘blast’ cells and pro- 
bably also the T memory cells (see p. 1 19). The pri- 
mary response is similar, but depends on relatively 
few virgin T and B lymphocytes responsive to the 
antigen, and so is slower and smaller than the secon- 
dary response. 

join the re-circulating pool. In T-cell responses, 
the distinction between effector and memory 
cells is not so clear cut: the effector T cell is 
capable of producing lymphokines on reacting 
with the appropriate antigen, and of killing 
target cells (e.g. of allografts) which incorpor- 
ate the antigen in their surface membrane. Both 
the proliferating blast cells of the cell-mediated 
immune response and the T memory cells 
which result from the response are capable of 
these effector functions. 


The specific response of individual lymphocytes to antigenic 
stimulation 


During their maturation in the sheltered en- 
vironment of the primary lymphoid organs, 
individual lymphopytes differentiate in such a 
way that each one becomes capable of respond- 
ing to only a narrow range of antigenic de- 
terminants or epitopes. The result is a continu- 


ous supply of virgin lymphocytes of such 
considerable diversity that no matter what or 
how many natural or artificially-prepared for- 
eign antigens are introduced into the body, there 
are likely to be some lymphocytes capable of 
mounting a specific immune response against 
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each sort of determinant on each antigenic 
molecule. The restricted responsiveness and 
diversity of lymphocytes also ensures that only 
a very small proportion of the available lym- 
phocytes can respond to any one antigen, so 
that immune responses to many different anti- 
gens can proceed simultaneously. The develop- 
ment of this restricted responsiveness of indivi- 
dual lymphocytes comes about by changes in 
the cell’s DNA: it occurs in both B and T lym- 
phocytes and is heritable and irreversible, so 
that when a mature virgin lymphocyte meets an 
antigen to which it can respond, it does so by 
proliferation and all the cells of the resulting 
clone have the same restricted specificity of re- 
sponse (Fig. 5.21). Encounter with an antigen 
thus leads to an increase in the number of lym- 
phocytes which can respond to it. Some of the 
cells so produced are long-lived memory lym- 
phocytes, which, on subsequently encountering 
the same or a closely similar antigen, also 
undergo proliferation. The result is that large 
numbers of responsive lymphocytes are avail- 
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able for those antigens which are encountered 
frequently. 

The evidence for this restricted potential of 
lymphocytes, and its mechanism, must now be 
considered. B lymphocytes have yielded up 
some of the secrets of their behaviour more 
readily than T lymphocytes, and although they 
are influenced by T cells, it is convenient to 
consider B-cell responses before T-cell res- 
ponses. 

The response of B lymphocytes 
to antigenic stimulation 

Antigenic stimulation induces proliferation of 
B lymphocytes in the secondary lymphoid 
tissues. In lymph nodes, for example, this is 
seen in the germinal centres of the superficial 
cortex where responding B lymphocytes enlarge 
to become B ‘blast’ cells (B immunoblasts) 
with increase in both nuclear DNA and cyto- 
plasm: the latter becomes rich in RNA and so 
is basophilic in its staining properties (Fig. 
5.22). By successive divisions, large numbers of 
cells are produced, some of which differentiate 
into plasmablasts, with abundant rough endo- 
plasmic reticulum (p. 107) and finally give rise 
to mature plasma cells which synthesise and 
secrete antibody (Figs. 5.3, 5.4, p. 108): others 
differentiate into B-memory cells and join the 
recirculating pool of long-lived small lym- 
phocytes (Fig. 5.20). 

Both virgin and memory B lymphocytes re- 
spond as described above to antigenic stimu- 
lation (Fig. 5.22). The primary response does 
not produce very much antibody, presumably 
because it depends entirely on virgin lym- 
phocytes, relatively few of which are capable 
of responding to any particular antigen. The 
primary response does, however, provide 
memory cells, and these account for the much 
greater amount of antibody produced in the 
secondary response. 


Fig. 5.21 The clonal selection theory of immune 
response. During lymphopoiesis, each developing T 
or B cell becomes committed to respond to a narrow 
range of antigenic determinants: this is reflected by 
the specificity of the antigen receptors (a, b, c, etc.) 
on its surface. For example, lymphocytes with 
hypothetical *a’ receptors can bind an antigen ‘A’, 
but not ‘D’ or f E’, etc. Binding Of ah antigen stimu- 
hertea a lymphocyte to proliferate, producing a done 
of typtpiwcytes with identical commitment. 


How B lymphocytes recognise antigens 

To respond to an antigen, a lymphocyte must 
have surface receptors capable of recognising 
antigen to which the cell can respond, and 
union of antigen with surface receptors must 
stimulate the response. In fact, when lym- 
phocytes from a normal individual are incu- 
bated with an antigen which has been labelled, 
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Fig. 5.22 Segment of a germinal centre showing 
proliferating B ‘blast’ cells with large pale nuclei and 
abundant cytoplasm. The centre is surrounded by 
tightly packed small lymphocytes, x 850. 

for example with 131 I or fluorescein, the label- 
led antigens can be demonstrated to bind to the 
surface of very small proportions of both T and 
B lymphocytes. If the donor has previously en- 
countered that antigen, the number of antigen- 
binding lymphocytes is increased, but is still 
only a very small proportion of the total. 

The B lymphocyte has on its surface molecules 
of immunoglobulin ( SIg ), which float in the lipid 
of the cell membrane with the Fab end of the mole- 
cules projecting from it, and there is now no doubt 
that these act as the specific antigen receptors 
on B cells. Some of the evidence for this is 
summarised below. 

Firstly, treatment of B lymphocytes with an anti- 
immunoglobulin (anti-Ig) inhibits antigen binding. 

Secondly, evidence has been provided by the ‘cap- 
ping’ phenomenon. When B lymphocytes are treated 
with a labelled antigen, the SIg molecules of those 
cells which bind the antigen become aggregated into 
clumps and finally in a single mass or ‘cap’ at one 
part of the surface: the effect is the same as that 
induced by treating B cells with anti-immunoglo- 
bulin (Fig. 5.15, p. 120). When capping is induced by 
antigen, the cap can be shown to contain all the anti- 
gen bound to the cell surface and all the SIg mole- 
cules, thus demonstrating that all the SIg molecules 
react with the antigen. 


The significance of antigen binding by the sur- 
face Ig of B cells 

Those B cells which can bind a particular antigen 
are responsible for the antibody response to that 
antigen. This has been demonstrated by passing 
lymphocytes through a column of inert mater- 
ial coated with antigen. The cells which bind 
the antigen are retained and are thus separated 
from non-binding lymphocytes. The separated 
cells may be tested for antibody response either 
in vitro or by administering them to an animal 
whose own lymphocytes have been destroyed 
(e.g. by x-irradiation) and then challenging the 
animal with the same and other antigens. Such 
experiments have shown that the antigen-bind- 
ing cells can mount an antibody response to the 
same antigen. The non-antigen-binding popula- 
tion does not respond to the same antigen, but 
responds normally to other antigens. These 
findings suggest that the SIg molecules of B lym- 
phocytes represent a sample of the specific anti- 
body which that cell and its descendants can 
synthesise and secrete. This is further sup- 
ported by the observations outlined below on 
individual clones of proliferating cells. 

The sequences of amino acids in the variable 
regions of the light and heavy chains of the 
immunoglobulin (Ig) molecule, including the 
antigen-combining sites (Fig. 5.1, p. 106) con- 
stitute what is known as the idiotype of the 
molecule and are responsible for its specificity 
as an antibody. The idiotype of the molecule 
might be expected also to exhibit specific anti- 
genic properties, but this is difficult to establish 
because normal Ig, e.g. in serum, is a mixture 
of enormous numbers of antibodies, each with 
its own idiotype. However, some B-cell lym- 
phoid tumours, for example myeloma, differen- 
tiate into plasma cells and secrete molecules of 
Ig which are identical for any one such tumour. 
This can only be explained by concluding that 
the Ig is monoclonal, i.e. that the tumour arises 
from clonal proliferation of a B cell already 
committed to production of Ig of a particular 
idiotype. It follows that the commitment of a B 
cell to production of Ig of a particular idiotype, 
i.e. of a particular antibody, is transmitted to its 
descendants. 

In some of these Ig-secreting tumours, the 
tumour cells resemble normal B lymphocytes in 
having surface Ig (SIg), and this has provided 
an opportunity to compare the secretory and 
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surface Ig of a B-cell clone. When the mono- 
clonal Ig (obtainable from the patient’s serum) 
is injected into a rabbit, the antiserum contains 
antibodies to the variable regions, and these 
anti-idiotype antibodies react with, and cause 
complete capping of, the SIg of the tumour 
cells (p. 120). This is strong evidence that B-cell 
SIg has the same idiotype as the antibody sec- 
reted by that cell and its descendants. There is 
now evidence that this applies also to normal 
(i.e. non-neoplastic) B cells, for by injecting 
mice of a selected inbred strain with a poly- 
saccharide of limited antigenicity, relatively few 
lymphocytes are stimulated to clonal prolifera- 
tion and antibody production, and it has been 
possible to demonstrate that an anti-idiotype 
antibody reacts with both the free antibody and 
the SIg of the cell clone responsible for it. 
Accordingly, it may be concluded that the sur- 
face Ig of normal B lymphocytes represents a 
sample of the specific antibody which that cell or 
its descendants can produce in response to an 
antigenic stimulus. 

How B lymphocytes develop specific responsive- 
ness and diversity 

From the preceding sections it is apparent that, 
at some stage in its development, each B lym- 
phocyte becomes committed to producing anti- 
body of a particular specificity. Since the speci- 
ficity of antibody depends on the sequence of 
amino acids in the variable regions of the poly- 
peptide chains, it is a reflection of the sequen- 
ces of the bases in the DNA of the genes coding 
for immunoglobulin synthesis. Commitment of 
the lymphocyte thus implies that it becomes 
restricted to coding for only one particular 
sequence for the variable regions of the heavy 
chain and one sequence for the variable regions 
of the light chain. Since all the B cells of a pro- 
liferating clone are committed to produce the 
same antibody, commitment must be heritable 
and irreversible through many cell generations. 
But individual lymphocytes become specifically 
committed to produce different antibodies, thus 
providing the great diversity of the antibody 
response, 


We must therefore conclude that either (a) the 
genome of the individual contains large numbers of 
alternative genes for the variable parts of the Ig 
chains (V genes), and that commitment involves the 
restriction to coding for one light and one heavy 
chain V gene, or (b) the genome of the individual 
contains relatively few V genes, and different se- 
quences of bases develop by somatic mutation during 
early lymphopoiesis (Jerne, 1971). It has not been 
established with certainty which of these two theor- 
ies of diversity is the correct one, but present evi- 
dence favours the former (which is assumed in this 
account), i.e. that the genome of the individual con- 
tains sufficient V genes to account for the whole re- 
pertoire of antibodies which the individual is capable 
of producing (the germ line theory), and each B lym- 
phocyte becomes committed to specific antibody 
production by restriction of coding to one V gene for 
each Ig chain. 

It is known that each Ig chain is synthesised 
as a single unit, by translation of messenger 
RNA carrying the code for the constant and 
variable regions of the whole chain. It is now 
believed that the gene selection responsible for 
lymphocytic commitment and diversity is 
brought about by the mechanism illustrated for 
heavy chain synthesis in Fig. 5.23. The heavy 
chain V genes (VH genes) form a continuous 
series and by formation and exclusion of a loop 
of random length, a particular VH gene seg- 
ment is brought into apposition with the gene 
segment coding for the constant part of the 
heavy chain (C/i, Cy, etc.). Once this has occur- 
red, the adjacent V and C genes act as a single 
cistron, and the sequence of amino acids in the 
variable regions of the heavy chain of Ig pro- 
duced by that cell and its descendants is irrevo- 
cably decided. 

Recently this mechanism of rearrangement 
of gene segments has been shown to operate in 
the formation of Ig light chains, in which three 
DNA segments come together to form the 
whole chain (Fig. 5.24). The antibody specifi- 
city is decided by random combination of a VL 
and a T gene segment, *with which the C seg- 
ment also combines to complete the cistron.t 
In the mouse k chains there are approximately 
1000 VL gene segments and 10 ‘J’ segments, 
giving a repertoire of 10* amino-acid se- 


* Fhe sequences of DNA which encode the antigen-combining component of light chains have recently been shown to be 
divided, into* VL gene segments and J segments. The I segments are quite unrelated to the J chains which bind together 
monomeric IgA and IgM to form polymers. 

a ®ngje gene' on die DNA strand of the chromosome has been shown also in relation to 
ppooncoen'of ovalbumin and' other proteins and ntay apply to eukaryotic proteins in general. 
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(a) Chromosome with inactive heavy chain genes. 


[VHn| |VH6] — |VH5 

(b) Formation of loop. 



ACTIVE 
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(c) Excision of loop and activation of genes. 

|VHn| - |VH6l — |VH5r 1C7HCtt> 

(d) Change from IgM to IgG by further loop formation 

Fig. 5.23 Model of chromosome with genes for the variable region (VH1, VH2 . . . VHn) and constant 
region (C/z, Cy, Ca) of heavy chains, showing selection of a single VH gene by formation and removal of a 
DNA loop. In this example, the cell becomes committed to synthesis of heavy chains with a variable region 
containing the amino-acid sequence determined by VH5. At first IgM is synthesised, but removal of a loop 
containing Cp leads to subsequent synthesis of IgG with the same specificity (determined by VH5). 



Fig. 5.24 Gene segments involved in coding for 
immunoglobulin light chain. The variable region is 
determined by selection of one of approximately 1000 
VL gene segments; these are separated from 10 or so 
J gene segments which also determine part of the 
variable regions. The J segments are separated from 
the (C) segment which codes for the constant region. 
Committment of the cell depends on random apposi- 
tion (by looping) of one VL and one J segment. The 
superfluous bases between the J and C segments are 
transcribed but the corresponding part of the mes- 
senger RNA (mRNA) is excised, leaving a continu- 
ous mRNA strand coding for the whole light chain. 
(Modified from Williamson, 1979). 

quences. The specificity of antibody depends on 
the variable regions of light and heavy chains, 
and if we assume a similar variability (10 4 ) for 
the mouse heavy chain, this gives a total re- 
pertoire of 10® different antibodies, which 
agrees fairly closely with most estimates based 
on analyses of the antibodies which develop in 
response to one particular antigenic determi- 
nant. (See Williamson, 1979). 

The theory of random selection of gene seg- 
ments coding for the variable parts of Ig which 


form the specific antigen receptors explains not 
only the specificity of immune responses but also 
the multiplicity of antibodies which, as men- 
tioned above, are produced, even in response to a 
simple antigen with only one type of determinant. 
The antigen stimulates all those B lymphocytes 
whose specific surface receptors can bind it 
sufficiently firmly and each of these cells gives 
rise to a clone of plasma cells producing its own 
distinctive antibody molecules. The result is a 
mixture of diverse antibodies, some of which can 
bind the antigen more firmly than others, but the 
total effect of which is exquisite specificity. If 
the antigen is administered repeatedly in small 
doses it is taken up mainly by those lymphocytes 
which can bind it most firmly and as these proli- 
ferate the result predicted would be a progressive 
increase in the avidity ip. 107) of the antibody, 
which is indeed what happens. 

It is now widely accepted that commitment 
of B lymphocytes occurs spontaneously, prob- 
ably during lymphopoiesis in the sheltered en- 
vironment of the haemopoietic tissue, and is 
not dependent on encounter with an antigen. 
This view appears to have been held as early as 
1908 by Ehrlich, but was for long ignored in 
favour of the instructive theory which postu- 
lated that antigenic material was taken up by 
antibody-producing cells and instructed the cell 
to make antibody by acting as a template on 
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which the antibody was moulded. Ehrlich’s 
view was revived by Jerne (1955) and by 
Burnet (1959) as the clonal or cell selection 
theory (Fig. 5.21, p. 124). Once it was estab- 
lished that antibody specificity was determined 
by the sequence of amino acids in the Ig chains, 
the instructive theory became untenable, and 
the evidence in favour of the clonal selection 
theory, some of which has been outlined in the 
preceding account, is now overwhelming. 

The classes of antibody produced by B cells 

The class of Ig synthesised by a B cell will 
depend on which C-gene segment is linked to 
the selected VH gene, and change of produc- 
tion from one class to another, e.g. IgM to 
IgG, probably involves similar looping and 
exclusion of C-gene segments as shown in Fig. 
5.23. It is noteworthy that the class of Ig syn- 
thesised (embodied in the Fc portion of the 
heavy chains) may change during the develop- 
ment of a clone of antibody-producing cells, 
but the light chain type and idiotype do not 
change. 

During maturation in the haemopoietic marrow, 
B cells pass through a stage in which they synthesise 
and secrete small amounts of monomeric IgM. This 
is followed by the appearance of monomeric IgM on 
the surface membrane. In the primary immune res- 
ponse, the proliferating B lymphocytes have mainly 
surface IgM, and differentiate into plasma cells 
which secrete IgM antibody. Later in the response 
some of the proliferating B cells develop into plasma 
cells which secrete IgG and other classes of anti- 
body. Memory B lymphocytes (long-lived small B 
lymphocytes of the recirculating pool — p. 122) have 
mainly IgD on their surface membrane, but give rise 
predominantly to plasma cells which secrete IgG or 
IgA antibodies, as observed in the secondary res- 
ponse. 

The response of T cells to 
antigenic stimulation 

Antigenic stimulation induces proliferation of 
responsive T lymphocytes: the proliferating 
cells (like responding B cells) become enlarged 
and acquire abundant basophilic (RNA-rich) 
cytoplasm (Fig. 5.25): they are termed T ‘blast’ 
“Us or T immunoblasts. They pass through 
a succession of divisions during which they 

: ‘When blood is withdrawn and showed to cool plasma 
i»adflyiaJ:37.?C.' ■ ■ , ■ 



Fig. 5.25 Large lymphoid cells with enlarged nuc- 
leus and pyroninophilic cytoplasm (immunoblasts) in 
a human lymph node removed 6 days after a skin 
allograft. Methyl green pyronin stain, x 480. (Profes- 
sor D. M. V. Parrott and Dr. M. A. B. de Sousa.) 

differentiate into small T lymphocytes capable 
of binding the antigen which has induced their 
production. T-cell proliferation takes place in 
the T-dependent zones of the secondary lym- 
phoid tissues (p. 121). 

Like B lymphocytes, T lymphocytes become 
committed to respond to a narrow range of 
antigenic stimuli, and this occurs without anti- 
genic stimulation, probably during lymphocytic 
maturation in the thymus. Another similarity is 
that the T lymphocyte recognises antigens by 
means of surface receptors, but the nature of 
these is uncertain. The T cell has not been 
shown to synthesise Ig at any stage of its de- 
velopment, and conventional Ig cannot be de- 
tected on its surface.* Yet T cells show specific 
antigen-binding properties, and the develop- 
ment of cell-mediated immunity depends on 
such antigen binding. It still remains possible, 
however, that the T-cell antigen receptor con- 
sists of amino-acid sequences which are the 
products of VH and VL genes, i.e. the variable 
regions of Ig molecules, for these are not de- 
tectable by conventional anti-Ig. Support for 
this view has been provided by the following 
experiments. 

By administering to inbred mice or rats an antigen 
which in these animals stimulates only a few T and B 

IgG adheres to die surface of T lymphocytes, but dissociates 
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lymphocytes to clonal proliferation, it has been pos- 
sible to isolate antibody of a particular idiotype (p. 
125) and to prepare an anti-idiotype antibody. In 
such experiments it has been shown that the anti- 
idiotype antibody reacts with the receptors of both 
T- and B-cell clones, which suggests strongly that 
they are identical, and since the B-cell receptors are 
known to be the variable ends of Ig molecules, it 
seems likely that the T-cell receptors are also of this 
nature. Alternatively, T-cell receptors could be de- 
termined by a set of genes analogous to, but distinct 
from, the V genes which code for B cells: possible con- 
tenders are the Ir (immune response) genes (p. 167) 
which somehow influence T-cell -dependent responses. 

The remainder of the T-cell receptor molecule, 
corresponding to the constant regions of Ig, has not 
been shown to be any of the known classes of Ig (u, 
y, etc.), and its nature is unknown. The C genes of 
B cells thus appear to be represented in T cells by 
another gene, or series of genes, of unknown nature. 
Accepting this assumption, the commitment of T 
lymphocytes can be explained by the same looping 
and exclusion mechanisms illustrated in Fig. 5.23. 

In summary, T lymphocytes owe their specific 
responsiveness to antigen to the presence on their 
surface of antigen-specific receptors. Unlike the 
specific ( SIg ) receptors of B cells, the T-cell 
receptors are not whole Ig molecules, but in some 
instances their antigen-binding sites have been 
shown to be similar {and possibly identical) to 
the idiotypes of SIg. The part of the T-cell 
receptor corresponding to the Fc of SIg is, how- 
ever, of unknown nature. 


Control of the immune response 

So far, this account might suggest that anti- 
body and cell-mediated immune responses arise 
when B or T lymphocytes respectively encoun- 
ter an antigen to which they can respond. In 
fact, immune responses are far more compli- 
cated than this, and although antigenic stimula- 
tion is obviously of central importance in trig- 
gering them off, the nature of the antigen, its 
molecular size and density and variety of de- 
terminant sites are only some of the factors 
concerned. Account must be taken of many 
other factors which can enhance, suppress or 
modify immune responses. Some of these are 
outlined briefly below. 

T-dependent and T-independent antibody res- 
ponses. Animals deficient in T cells (e.g. ‘B’ 
mice, p. 117) are unable to mount antibody res- 
ponses to many antigens, including foreign 


proteins. B cells require the co-operation of T 
cells to produce antibodies to such antigens, 
which accordingly are called thymus-dependent 
antigens. Some antigens, however, do stimulate 
‘B’ mice to antibody production: these so-called 
thymus-independent antigens are usually of very 
high molecular weight, with large numbers of 
one or more particular antigenic determinants, 
e.g. bacterial lipopolysaccharide, pneumococcal 
capsular polysaccharide or artificially prepared 
polymers. It appears that, by binding to, and so 
linking up, large numbers of the surface Ig re- 
ceptors on a B cell, such antigens can provide 
the necessary stimulus for clonal proliferation 
and antibody production (Fig. 5.26). By con- 
trast, smaller molecules, or globular proteins 
which display a variety of antigenic determi- 
nants without a high concentration of any one 
determinant, would be expected to bind less 
strongly to B cells and to occupy fewer surface 
receptor sites : this may be why they cannot stim- 
ulate an antibody response without the help 
of T cells. 

The helper function of T cells in antibody re- 
sponses has been elucidated by complexing a 
hapten (e.g. dinitrophenyl) to a foreign carrier 
protein. Using this system, Mitchison (1971) 
and others have shown that an antibody 
response to the hapten is dependent on the 
development of cell-mediated immunity to the 
carrier protein. It seems likely that the binding 
of molecules of the protein to primed T lym- 
phocytes renders the hapten-protein complex 



Fig. 5.26 T-independent antibody response induced 
by an antigen with large numbers of a particular 
type of antigenic determinant (epitope) which effec- 
tively links the surface Ig antigen receptors of an 
appropriate B cell and stimulates it to respond. 
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immunogenic to B cells, perhaps by presenting 
the hapten to B cells in such a way that it effec- 
tively links together the B cell receptors (Fig. 
5.27b). Alternatively, it could be that the T cell 
binding the protein carrier transmits an addi- 
tional stimulatory signal to the B cell binding 
the hapten. Some evidence for this ‘second 
signal’ hypothesis is provided by the demon- 
stration that T cells binding and responding to 
a quite separate antigen (or to mitogens — p. 



d 


119) can be of some help to the B cell in its 
response (Fig. 5.27d). It is also possible that the 
T cell responding to the protein carrier trans- 
fers receptor sites to macrophages, and thus con- 
fers on them specific helper capacity (Fig. 5.27c). 

Whatever the mechanism of T-cell co-opera- 
tion in antibody production, it has been shown 
to be a property of memory T cells and, as 
indicated above, can be antigen-specific or non- 
specific. Specific T-cell co-operation is essential 
for optimal primary and secondary antibody 
responses to most protein antigens, and even 
those immune responses which can occur with- 
out T-cell help are usually limited mainly to 
production of antibodies of IgM class. The co- 
operation of T cells appears to be necessary for 
the production of large amounts of IgG anti- 
body, as in the secondary response. Indeed, 
there is evidence that the formation of B-mem- 
ory lymphocytes is less dependent on T-cell help 
than is the production of antibody-producing 
plasma cells. The degree of helper T-cell acti- 
vity in the response of inbred strains of mice to 
highly artificial T- dependent antigens has been 
shown to involve the so-called Ir (immune res- 
ponse) genes which lie within the major histo- 
compatibility gene complex (p. 167). While it is 
possible that Ir genes code for specific antigen 
receptors on the surface of T cells, there is in- 
creasing evidence that many genes of the major 
histocompatibility complex are concerned with 
the co-operation of T cells with B cells and with 
macrophages (Munro and Waldmann, 1978). 

Suppressor T cells. In addition to T cells 
which co-operate in the antibody response, it is 

Fig. 5.27 Possible mechanisms of co-operation of T 
cells in antibody production by B cells. In a, a B 
lymphocyte has bound an antigen by a particular 
type of determinant, but is not stimulated by it be- 
cause it has not cross-linked the specific antigen re- 
ceptors. If a T cell also binds the same antigen by a 
different determinant, as in b, it may effectively 
cross-link the B-lymphocyte receptors and thus stim- 
ulate it (indicated here by ‘blast’ transformation of 
the B cell). Alternately the T-cell antigen receptors 
may be transferred to macrophages c which then 
become capable of co-operating in B-cell stimula- 
tion. Lastly, a T cell which has bound an independ- 
ent antigen, as in d can also provide a stimulus to the 
B lymphocyte. In all these forms of co-operation, the 
stimulating T cell has itself been stimulated to ‘blast’ 
transformation, and indeed the last form of co- 
operation can be provided by a T cell which has 
been stimulated non-specifically, e.g. by phytohaem- 
agglutinin. 
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now known that subsets of T cells have a sup- 
pressive effect on B cells. This explains why the 
antibody response to thymus-independent anti- 
gens is often greater in T-deficient animals. In 
lepromatous leprosy and some other chronic 
infections, very high titres of antibodies to the 
causal agent are commonly observed and may 
well be due to the lack of suppressor T-cell 
control, for failure of cell-mediated immunity 
(and therefore of T-cell function) to the micro- 
organism is a feature in such cases. 

The helper and suppressor activities of T 
cells are complex, and it seems likely that the T 
cells responsible are distinct sub-sets rather 
than stages in the differentiation of one series 
of T cells. The complexity is increased by recent 
evidence that helper T cells (and probably sup- 
pressor T cells) exert some control over T cell, 
as well as B cell, immune responses. 

Antibodies. The immune response to an anti- 
gen can be partially or even completely inhi- 
bited by injection of the corresponding antibody 
either before or shortly after administration of 
the antigen. Part of the inhibitory effect is due 
to rapid phagocytosis and destruction of much 
of the antigen following its union with the in- 
jected antibody. There is, however, evidence 
that antibody can exert an additional inhibitory 
effect, which is not due to destruction of anti- 
gen, and may involve receptors on sup- 
pressor T cells for the Fc of IgG. The in- 
hibitory effects of antibodies are of practical 
importance in prophylactic immunisation of 
infants, for maternal IgG antibodies cross the 
human placenta and may interfere with the res- 
ponse to vaccines during the first few months 
of infancy. The inhibitory effects of antibody 
are now used extensively to prevent immunisa- 
tion of the rhesus-negative mother by a rhesus- 
positive fetus (p. 151). 

Anti-idiotype antibodies. As explained earlier 
(p. 104), most antigens are of exceedingly com- 
plex structure, and each stimulates large num- 
bers of different T and B cells to clonal proli- 
feration. In consequence, the antibody produced 
is really a mixture of large numbers of different 
antibodies, each the product of a clone of B 
lymphocytes. Even antigens with a single type 
of determinant usually stimulate clonal proli- 
feration of many different lymphocytes, and a 
mixture of antibodies results (p. 127). In 
spite of this heterogeneity of the antibody re- 
sponse, there is evidence that the variable parts 


of the antibody molecules resulting from any 
particular clonal proliferation may act as anti- 
gens in the host and stimulate the development 
of anti-idiotype antibodies (p. 126). These can 
bind to the antigen receptors of the correspon- 
ding B- and T-cell clones (p. 129) or of the 
corresponding antibody molecules, and in so 
doing can exert a regulatory effect on the cells 
of the clones. Depending on various factors, 
they may either enhance or suppress further 
clonal proliferation and differentiation, and 
thus exert some control over the immune res- 
ponse. Such control does not stop at this level, 
for there is now evidence that the anti-idiotype 
antibodies also act as antigens and may stimu- 
late the development of further anti-idiotype 
antibodies (anti-anti-idiotypes), and so on. 

It is thus becoming increasingly apparent 
that immune responses, like many other bio- 
logical processes, are not regulated by a simple 
feedback mechanism, but by a complexity of 
factors, the outcome being determined by the 
total effect of all the stimulatory and inhibitory 
factors involved. 

In conclusion, the production by B cells of 
antibodies to many antigens is dependent on the 
co-operation of T cells. Such help is provided 
optimally by T cells which have responded to the 
same antigen. There is evidence that T cells may 
also suppress the immune response of both B and 
T cells, and that they play a major role in con- 
trolling the intensity of immune responses. Anti- 
body itself is also capable of suppressing the 
immune response to the corresponding antigen, 
and anti-idiotype antibodies can both enhance 
and inhibit clonal proliferation of both T and B 
cells with receptors of the corresponding 
idiotype. 

Transfer factor 

Since 1948, Lawrence has reported investiga- 
tions which suggest that cell-free extracts of 
human leukocytes can transfer cell-mediated 
immunity to non-immunised recipients, and 
that the responsible agent, transfer factor, has a 
molecular weight of about 3000 (see Lawrence, 
1969). Attempts to demonstrate transfer factor 
in experimental animals have, in general, been 
disappointing, but it must be appreciated that, 
in general, man and other primates show much 
stronger cell-mediated immune responses and 
DHS reactions than do lower animals. 
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Recently, a number of reports have appeared 
on the therapeutic use of transfer factor in the 
treatment of patients with resistant infections 
due to immunodeficiencies, and with various 
diseases of obscure causation (e.g. sarcoidosis, 
connective tissue diseases and tumours). The de- 


gree of success achieved has varied greatly, and 
it is difficult to draw conclusions. The existence 
of human transfer factor which enhances im- 
mune responses is no longer in doubt, although 
its mode of action is obscure and its antigen- 
specificity has not been widely accepted. 


Acquired immunological tolerance 


In some circumstances, exposure to antigen 
does not result in an immune response, but in 
the development of unresponsiveness (toler- 
ance) of the individual to that particular anti- 
gen, although responses to other antigens re- 
main normal. In addition to true or ‘classical’ 
tolerance, suppressor T cells and antibody are 
both capable of inhibiting specific immune res- 
ponses (see above), and thus may bring about a 
state resembling true tolerance. 

Gassical immunological tolerance. When 
living cells or tissues are exchanged between 
genetically dissimilar individuals, the host de- 
velops an immune response which results in 
destruction of the transplanted cells. Yet in 
1945 Owen, an American veterinary surgeon, 
detected red cells of two distinct groups in 
some bovines, and noted that such animals 
were always derived from a twin pregnancy. 
Apparently there is sometimes placental vascu- 
lar anastomosis between dizygotic twin cattle, 
with consequent admixture of their blood 
during early fetal life. Circulating haemopoietic 
stem cells from each fetus settle in the other 
and remain functional so that each twin subse- 
quently produces red cells, etc. from its own 
and from its twin’s stem cells. 

This observation — that allogeneic cells intro- 
duced into the embryo were not rejected by the 
host-— led Burnet and Fenner (1949) to postu- 
late that antigenic challenge during fetal life 
could result in specific unresponsiveness rather 
than an immune response. Burnet failed to 
substantiate this because of an unlucky choice 
of antigen/host combination. It was, however, 
subsequently confirmed by Medawax and his 
co-workers, who showed that injection of living 
cells from a mouse of one inbred strain (say Y) 
into a neonatal mouse of another inbred strain 
(X) induced immune unresponsiveness to cells 
of die donor strain. Thus when the treated 


mouse matured, it failed to reject a skin graft 
from a Y mouse, although capable of rejecting 
normally skin from a mouse of an unrelated 
strain (Z) (Fig. 5.28). The likely explanation of 
this form of ‘classical’ tolerance is that, on en- 
countering an antigen to which it can respond, 
the immature lymphoid cell is either destroyed 





normal X mouse 


Control 




Fig. 5.28 Immunological tolerance to allogeneic 
cells. A neonatal ‘X’ strain mouse (top left) injected 
with strain ‘Y’ cells becomes tolerant to ‘Y’ ‘transpl- 
ant’ antigens, as shown by retention of a subsequent 
‘Y’ skin graft. It rejects an unrelated (‘27 strain) graft 
normally. Injection of lymphocytes from a normal 
‘X’ mouse results in rejection of the ‘Y’ graft. (In 
practice, injection of lymphocytes or haemopoietic 
cells is commonly used to induce tolerance in such 
experiments: this raises the complication of the graft 
versus host reaction (p. 167) which, for the sake of 
simplicity, has been ignored in this illustration.) 
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or rendered irreversibly unresponsive. This is 
supported by the additional finding that when 
the tolerant X mouse bearing a Y skin graft is 
injected with lymphocytes from a normal adult 
X mouse, the Y graft is rejected, i.e. tolerance 
is abolished. 

Tolerance may be induced also to foreign 
proteins by injecting them into the fetal or neo- 
natal animal, but to maintain such tolerance it 
is necessary to administer repeated injections of 
the antigen. Thus classical tolerance is main- 
tained only so long as the antigen persists in 
the host. As an explanation, it is suggested 
that, when lymphocytes become committed to 
recognise a particular antigen, they pass 
through an immature stage during which en- 
counter with the antigen promotes their death or 
non-responsiveness: if antigen is continuously 
present it will ‘catch’ potentially responsive 
lymphocytes at this stage and tolerance will 
persist. Mature lymphocytes are more likely to 
mount an immune response on encountering 
the antigen. It follows that widely spaced pulses 
of antigen should favour an immune response, 
as indeed they do. 

Although tolerance is most readily induced 
in immature animals, adults may also be ren- 
dered tolerant and Mitchison (1967) showed 
that this could be achieved by administering 
repeated injections of either very low or very 
high doses of antigen to adult mice. Interme- 
diate doses induced an immune response. The 
explanation is that tolerance is readily induced 
in T lymphocytes by very small or very large 
doses of antigen, while B-lymphocyte tolerance 
is induced only by very large doses of antigen 
(Fig. 5.29). It follows that high dosage sup- 
presses both the T-cell response (cell-mediated 
immunity) and the B-cell response (antibody 
production). If the antigen is T-dependent (p. 
129), as in Mitchison’s experiment, then low 
dosage, by inducing T-cell tolerance, will in- 
hibit also the antibody response. For T-inde- 
pendent antigens, however, low dosage will 
induce suppression of cell-mediated immunity 
but there will still be antibody production: this 
is sometimes termed split tolerance or imm une 
deviation. 

In fact, the situation is more complex than stated 
above, for any particular antigenic determinant will 
be bound by many lymphocytes with different speci- 
fic receptors (p. 127). Some of these cells will have 
receptors which make a ‘good fit’ with the antigen 
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Fig. 5.29 The induction of immunological tolerance 
to a ‘thymic-dependent’ antigen by administration of 
very small or very large amounts of the antigen. 



and bind it firmly; others will bind it less well be- 
cause it fits their receptors poorly. These factors will 
influence not only the amount of antibody pro- 
duced, but also its avidity. A high concentration 
of antigen which induces non-responsiveness of 
strongly-binding cells may stimulate an immune res- 
ponse in those binding the antigen less firmly, with 
consequent production of a relatively small amount 
of antibody of poor avidity. The same considera- 
tions apply to T lymphocytes, and accordingly toler- 
ance is not an all-or-nothing phenomenon. Any anti- 
genic stimulus is likely, in fact, to induce tolerance 
in some potentially responsive lymphocytes and an 
immune response in others. 

Well-established tolerance to an antigen can some- 
times be broken down by administering the anti- 
gen incorporated in Freund’s adjuvant (p. 114) or 
by administering a closely related cross-reacting 
antigen. The mode of action of Freund’s adjuvant is 
uncertain, but abolition of tolerance by a closely re- 
lated antigen is probably explained by Mitchison’s 
work with hapten bound to a protein carrier. As 
already noted (p. 129), he showed that antibody pro- 
duction to the hapten is dependent on a T-cell res- 
ponse to antigenic determinants of the carrier pro- 
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tein. If T-cell tolerance to the carrier is induced by 
low dosage of the hapten-carrier complex, then, as 
explained above, the antibody response will also be 
suppressed. If now the same hapten coupled to an- 
other protein is injected into the animal, T cells will 
respond to the new carrier protein and in doing so 
will provide the co-operation needed by B cells to 
respond to the hapten. Native proteins each possess 
various antigenic determinants and by regarding any 
particular type of determinant as equivalent to the 
hapten in Mitchison’s experiments, we can explain 
the breakdown of B-cell tolerance by administration 
of a closely related cross-reacting antigen. 

Conditions resembling classical tolerance. So 

far in this account, tolerance has been ex- 
plained on the basis of a direct and permanent 
suppression of T cells, and sometimes of B 
cells also, by a particular antigenic stimulus. 
However, it was shown by Gershon and Kondo 
(1971) that the thoracic duct lymphocytes of a 
mouse rendered tolerant to a particular antigen 
could confer tolerance on a normal animal of 
the same strain. This is now regarded as due to 
the development of suppressor T cells capable 
of inhibiting T- and B-cell responses to a par- 
ticular antigen. A form of unresponsiveness to 
an antigen can also be induced by adminis- 
tration of the corresponding antibody shortly 
before or after antigenic stimulation (p. 131). 

The significance of immunological tolerance. 
The capacity of the immunity system to de- 
velop immune responses to countless antigens 
carries with it the danger of responding simi- 
larly to one’s own normal body constituents, 
i.e. by auto-immunisation. The ease with which 
classical tolerance can be induced to specific 
antigens during fetal and neonatal life is be- 
lieved to be the major safeguard against auto- 
immunisation, but it is not always effective 
and some diseases are attributable to auto- 
immunity (p. 161). Also B cells with surface Ig 


capable of binding self-constituents, e.g. thyro- 
globulin or DNA, have been detected in the 
blood of some normal individuals, indicating a 
capacity for auto-antibody formation; this is 
apparently held in check in most individuals 
either by lack of T-helper cells, or by a domin- 
ating influence of suppressor T cells, and there 
is evidence that deficiency of the latter is a 
feature of auto-immune diseases. 

As described above, tolerance may also de- 
velop towards the antigens of foreign cells or 
proteins introduced into the animal during fetal 
or neonatal life, and this can apply also to 
micro-organisms, with consequent persistence 
of infection, e.g. lymphocytic choriomeningitis 
of mice (p. 183). 

The fact that tolerance to foreign antigens 
can be induced throughout life offers a promis- 
ing approach to the therapeutic transplantation 
of foreign tissues, for the induction of specific 
tolerance to antigens of the donor tissue 
would obviously be preferable to the use of 
drugs which bring about a general depression 
of the host’s immunity system to all antigens, 
including those of pathogenic micro-organisms. 
In fact, administration of such drugs (e.g. aza- 
thioprine, glucocorticoids, etc.) together with 
an antigen facilitates the induction of tolerance 
in the adult, and this is probably of importance 
in clinical renal transplantation, in which the 
dosage of immunosuppressive drugs can be 
gradually reduced without rejection of the 
kidney. Some form of tolerance develops to 
the alloantigens of the transplant: this may 
either be ‘classical’ tolerance, as described 
above, or it may be due to production of speci- 
fic suppressor T cells or of ‘blocking’ or ‘en- 
hancing’ antibody, which suppresses further 
immune responses, including cell-mediated 
immunity, to the transplant antigens (p. 167). 


Macrophages and the immune response 


When antigenic foreign macromolecular or 
finely particulate material penetrates into the 
body, much of it is engulfed by macrophages. 
Most of the ingested antigen is digested within 
phagolysosomes and destroyed, but some anti- 
genic material becomes hound to the plasma 


membrane and a small proportion persists 
within the macrophage where it is protected 
in some unknown way from digestion and is 
slowly secreted. Both forms of antigenic mater- 
ial — surface and secretory— persist for at least 
2 weeks in immunogenic form (see below). 



Macrophages can bind and engulf antigen 
without the assistance of antibody, but if IgG 
antibody is present (from previous immunisa- 
tion) and combines with the antigen to form 
immune complexes, binding is greatly enhanced 
because macrophages, like polymorphs and 
some lymphocytes, have surface receptors for 
the Fc of the IgG in the complexes. Macro- 
phages do not have receptors for IgM, but when 
IgM antibody reacts with antigen, complement 
is activated and the binding of the antigen- 
antibody complexes is then enhanced by sur- 
face receptors for the C3b component of com- 
plement (p. 181). Some sub-classes of IgG anti- 
body are cytophilic for macrophages, i.e. they 
bind to the macrophage surface in the absence 
of antigen, and will enhance the binding of 
antigen subsequently encountered. These mech- 
anisms of antigen binding are summarised in 
Fig. 7.2, p. 180. 

The immunogenicity of macrophage- 
associated antigen. When living macrophages 
are incubated with an antigen in vitro and 
washed to remove free antigen, they induce an 
immune response when injected into a syngen- 
eic animal. If the antigen is weak, i.e. induces 
a poor immune response when injected alone, 
prior processing by macrophages considerably 
enhances its immunogenicity. Similar experi- 
ments suggest that macrophage-associated anti- 
gen enhances both primary and secondary anti- 
body and cell-mediated immune responses: it is 
particularly effective in stimulating the produc- 
tion of B-memory cells and so primes the indi- 
vidual for a secondary response. Both the 
number of B lymphocytes responding to a 
weak antigen and the number of cells resulting 
from the clonal proliferation of each stimulated 
B cell are increased by macrophage participa- 
tion. Macrophage activity does not, however, 
overcome the need for helper T cells in T-de- 
pendent antibody responses, nor does it induce 
immune responses in animals which have 
acquired immunological tolerance to the anti- 
gen. 

There is recent evidence that macrophages secrete 
various non-antigenic products which influence lym- 
phocyte responses to antigen, and also that macro- 
phages can bind a product (? antigen receptors) of 
responding T lymphocytes (Fig. 5.27c, p. 130). 

Trapping of lymphocytes by macrophage-associated 
antigen. When macrophages are treated in vitro with 
antigens and then washed free of unbound antigen 
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and added to a suspension of lymphocytes, a small 
proportion of the lymphocytes bind to individual 
macrophages to form clusters. The number of clus- 
ters is much greater when the lymphocytes are taken 
from an animal previously immunised with the same 
antigen, and it may thus be concluded that speci- 
fically-responsive lymphocytes, including memory 
cells, bind to the surface-bound antigen on the mac- 
rophage, from which they receive antigenic stimula- 
tion. The clusters contain T and B lymphocytes and 
it may be that, by attracting both types of cell, the 
macrophage promotes T-B cell co-operation in the 
immune response. 

The distribution of antigen within the body de- 
pends on the route of entry and on the amount and 
nature of the antigen. When a small amount of anti- 
gen is introduced into the skin, it is taken up mainly 
by macrophages in the draining lymph nodes. Anti- 
gen entering the bloodstream is taken up by macro- 
phages in the spleen and liver and also in various 
lymph nodes. These patterns of distribution are, 
however, influenced by whether the antigen is in 
solution or in particulate form, and by the presence 
or absence of antibodies resulting from a previous 
exposure to the antigen. 

The virgin lymphocytes responsible for a primary 
immune response are believed to lie mainly in the 
spleen and lymph nodes (p. 122) where they pre- 
sumably encounter the macrophage-bound antigen, 
although the possibility that these short-lived cells 
recirculate has not been ruled out. The secondary 
response is due to the presence, in the recirculating 
lymphocyte pool, of T and B memory cells respon- 
sive to the antigen (p. 123), and within a day or so of 
introduction of the antigen these specifically res- 
ponsive memory cells aggregate at the sites of the 
macrophage-associated antigen, i.e. in the spleen 
and/or lymph nodes, and so disappear from the re- 
circulating pool. Electron-microscopic studies have 
shown aggregates of lymphocytes around antigen- 
containing macrophages, similar to the in vitro clus- 
ters described above. In some instances, antigen per- 
sists locally in a non-lymphoid tissue, where its pre- 
sence stimulates a macrophage reaction followed by 
aggregation of lymphocytes and a local immune res- 
ponse (p. 139). 

Dendritic germinal-centre cells are not true macro- 
phages, for they are of mesodermal origin. Their 
property of binding antigen-antibody complexes is 
described on p. 138. 

Conclusions. By destroying excess antigen and 
presenting the remainder in strongly immuno- 
genic form, macrophages may inhibit the develop- 
ment of immunological tolerance and enhance 
the immune response. By their prolonged reten- 
tion of antigen within the secondary lymphoid 
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tissues, macrophages afford good opportunity for 
responsive T and B cells of the recirculating lym- 
phocyte pool to encounter and respond to the 
antigenic stimulus. They thus help to ensure that 


the immunological experience of the individual, 
represented by T and B memory cells, is brought 
to bear on any foreign antigen entering the 
body. 


Histological Features of the Immune Response 


The cellular events of immune responses take 
place mainly in the secondary lymphoid 
organs, i.e. the lymph nodes, Malpighian 
bodies of the spleen, tonsils and gut-associated 
lymphoid tissues. Study of the morphological 
changes of immune responses is not easy, for 
the large numbers of micro-organisms in the 
alimentary and upper respiratory tracts, and on 
the other exposed mucous membranes, provide 
continual antigenic stimuli which ensure that 
the immunity system is never completely in- 
active. The maintenance of animals in a germ- 
free environment from birth onwards is helpful, 
but technically exacting, and does not ensure 
complete freedom from antigenic stimulation: 
thus ‘germ-free’ mice are likely to be infected 
with mouse leukaemia virus, and do, in fact, 
show evidence of immune responses in their 
lymphoid tissues. There is also great regional 
variation in lymph node responses: when the 
antigenic stimulus is localised, e.g. in vac- 
cination, the draining lymph nodes usually 
show the greatest response, but there may be 
marked differences, even between adjacent 
nodes. 

Study of the lymphoid tissues in animals ren- 
dered deficient of T cells (e.g. by neonatal thy- 
mectomy, anti-lymphocyte serum or thoracic 
duct drainage), in fowls rendered B-cell deficient 
by bursectomy, and in patients with major con- 
genital immunodeficiencies, has helped to dis- 
tinguish between the histological features of the 
T- cell-mediated immune response and those of 
the B cell antibody response. 

Lymph nodes 

Normal structure. The lymph node consists 
of cortex, medulla and lymph sinuses (Fig. 
5.30). The cortex occupies the superficial part 
M. toe, node except at the hilar region; the 
medulla lies centrally, but extends to die hilum. 
The framework pf the node consists of a net- 
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Fig. 5.30 Diagram of a lymph node, portraying the 
superficial cortex with nodules and germinal centres, 
and on the right an ill-defined area of deep cortex. 

work of fine reticulin fibrils which are covered 
by the cytoplasm of elongated, flat reticulum 
cells with branching cytoplasmic processes. 
Many different names have been suggested for 
these cells, but their origin, nature and function 
are unknown. The sinuses are simply channels 
in the reticular framework, and they also are 
lined and traversed by reticulum cells. Macro- 
phages are present in varying concentrations in 
all parts of the lymph nodes, including the 
lumen and walls of the sinuses. 

Most of the free cells in the node are lym- 
phocytes, and small lymphocytes usually pre- 
dominate. In the cortex, the lymphocytes are 
closely arranged, and the superficial part of the 
cortex consists of fod, termed primary nodules, 
in which lymphocytes are more closely packed. 
In a stimulated node, as described below, a 
focus of lymphopoiesis, termed a germinal 
centre, may develop within the primary nod- 
ules. The deeper cortex, sometimes termed the 
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paracortex, consists of ill-defined uniform areas 
of cortical tissue lying between the superficial 
cortex and medulla (Fig. 5.31): in the stimu- 
lated node, there may be intense proliferation 
of lymphoid cells here, and this may result in 
one or more large cellular zones which com- 
press the medulla of the node. 

Lymph arriving at the node by the afferent 
lymphatics enters the peripheral sinus which 
surrounds the lymphoid tissue of the node and 
communicates at the hilum with the efferent 
lymphatic. From the peripheral sinus, cortical 
sinuses pass radially inwards to the medulla, 
running between the superficial cortical nodules 
and penetrating the deep cortex. In the medulla 
the lymph sinuses are numerous and the lym- 
phoid tissue lies between them as the medullary 
cords-, the medullary sinuses unite to form the 
efferent lymphatic. 

The lymph nodes have two major functions. 
One of these is the interception and removal 
of abnormal or foreign material in the lymph 
stream passing through them, and is described 
on pp. 568-9, 573: the other is the production 



Fig. 5.31 Part of the cortex of a lymph node, show- 
ing two large cortical nodules (follicles) with germi- 
nal centres. The ill-defined area to the left of these 
consists of deep cortex, x 40. 


of immune responses, the histological features 
of which are described below. 

Immune responses in lymph nodes 

(a) Cell-mediated immune responses. In 

lymph nodes draining the site of an antigenic 
stimulus of a kind which induces this type of 
response, e.g. an allogeneic skin graft or ap- 
plication to the skin of the hapten dinitrochloro- 
benzene, the most conspicuous early change is 
the appearance of large basophilic (and pyroni- 
nophilic) T ‘blast’ cells or immunoblasts in the 
deep cortex of the node. These cells appear 2 
days or so after antigenic stimulation; they 
multiply rapidly and are maximal at about 5 
days. Small lymphocytes also increase in 
number in the deep cortex, which becomes en- 
larged and conspicuous, causing appreciable 
increase in size of the node. If the antigenic sti- 
mulation is not prolonged, the immunoblasts 
disappear after a further few days, the main 
feature then being an increased number of 
small lymphocytes in the deep cortex. 

As explained on p. 121, the deep cortex is 
in the pathway of the recirculating T lympho- 
cytes, which are responsible for cell-mediated 
immune responses, and the appearance of 
immunoblasts and subsequently small lympho- 
cytes in the deep cortex represents the clonal 
proliferation of specifically responsive T cells 
following antigenic stimulation. The respon- 
sive cells may have encountered antigen in the 
tissues and passed to the lymph nodes, or anti- 
genic material, either free or carried by macro- 
phages, may have reached the draining nodes 
and there stimulated appropriately responsive 
cells among the recirculating lymphocytes pass- 
ing through the deep cortex. The use of tri- 
tiated-thymidine labelling has shown that the T 
immunoblasts in the deep cortex proliferate to 
produce small T lymphocytes, and that these 
appear in the recirculating lymphocyte pool 
at about the time of development of cell- 
mediated immunity: recirculation will allow 
such ‘primed’ cells to encounter, and react 
with, the corresponding antigen almost any- 
where in the body, a factor of obvious import- 
ance in combating infections. 

(b) Antibody production involves the prolifer- 
ation of B lymphocytes to provide B memory 
cells and the plasma cells which synthesise and 
secrete antibody. As with T cells, the recircula- 
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tion of B lymphocytes provides opportunity for 
their encounter with antigens in most of the tis- 
sues of the body. The main site of cell prolifer- 
ation observed during antibody responses is in 
the superficial cortical nodules, which develop 
large spherical or ovoid germinal centres (Fig. 
5.22), consisting of actively dividing, large baso- 
philic B immunoblasts. Plasma cells appear in 
increasing numbers deep to the germinal cen- 
tres and in the medullary cords, which are the 
main site of antibody production. During the 
early stages of the primary response neither 
antigen nor immunoglobulins are readily de- 
monstrable in the cells of the germinal centres 
but, as antibody appears, antigen-antibody 
complexes become bound to the surface of the 
large dendritic cells of the germinal centres, and 
may persist there for many weeks. The nature 
of the dendritic cells, and the role of their sur- 
face complexes in antibody production, are not 
known; it is tempting to assume that the com- 
plexes provide a persistent antigenic stimulus to 
B cells, with consequent development of plasma 
cells which pass to the medulla and produce 
antibody, but this lacks proof. Small numbers 
of macrophages are also present in the germi- 
nal centres and contain ingested pyknotic nuc- 
lear material, the significance of which is un- 
known. 

Although the function of the germinal cen- 
tres is still uncertain, the intensity of mitotic 
activity within them during antibody responses 
suggests that they are the major site of clonal 
proliferation of specifically responsive B cells. 

During antibody responses, which are often 
most pronounced in the lymph nodes draining 
the site containing antigen, the proliferating B 
cells differentiate into both plasma cells and 
memory B cells. Some of the B immunoblasts 
leave the nodes via the efferent lymphatic, and 
are distributed by the blood to other lymph 
nodes, etc., to the haemopoietic marrow, the 
lamina propria of the gut, and to the inflamma- 
tory reaction which may develop if antigen per- 
sists at the site of its introduction in the tissues 
(see below). Presumably these migrant cells also 
give rise to both plasma cells and B memory 
cells. 

Although the histological features of cell- 
mediated immune responses and antibody pro- 
duction axe described above separately, it must 
be emphasised that many antigenic stimuli 
■ .'/indwtse both responses, and. indeed the control 


of antibody responses by helper and suppressor 
T cells (p. 129) requires the combined form of 
response, although the site of T-B cell inter- 
action in the lymphoid tissues is not known. 

Immune responses in other 
lymphoid tissues 

Spleen. The structure of the spleen is de- 
scribed briefly on p. 561. Immune responses take 
place in the Malpighian bodies in which the 
area immediately adjacent to the central arteri- 
ole is occupied by T lymphocytes of the re- 
circulating pool, and corresponds to the deep 
cortex of lymph nodes. The more peripheral 
lymphoid tissue is occupied by recirculating B 
lymphocytes: it corresponds to the superficial 
cortex of lymph nodes and is the site of for- 
mation of germinal centres during antibody 
production. Antibody-producing plasma cells 
appear at the periphery of the Malpighian 
bodies and pass into the adjacent red pulp. 

Immune responses in the spleen occur par- 
ticularly when antigenic material gains entrance 
to the blood stream, and present morphological 
appearances similar to those which have been 
described for the lymph nodes. 

Gut-associated lymphoid tissues. The solitary 
lymphoid follicles and Peyer’s patches of the 
gut and the lymphoid tissue of the appendix all 
have T- and B-cell areas, and are in the path- 
way of long-lived T and B lymphocytes (prob- 
ably mostly or all memory cells -p. 123). The 
gut lymphoid tissue has no afferent lymphatics 
but lies immediately beneath the surface epi- 
thelium which in these sites is cuboidal and in- 
cludes specialised ‘M’ cells which have a com- 
plex folded surface. Antigen in the gut lumen, 
including whole bacteria, can penetrate the 
overlying epithelium and stimulate an immune 
response in both T and B cells, with the usual 
histological changes, including germinal centre 
formation. The B cells of these lymphoid 
tissues do not specialise in the production of 
IgA antibodies, this being the function of 
plasma cells lying in the lamina propria of the 
gut mucosa and derived from other lymphoid 
tissues by way of the major lymphatics and 
blood (p. 123). 

The thymus. As already indicated, the 
thymus is a ate of T-cell lymphopoiesis. It is 
not an important ate of immune responses, but 
occasional germinal centres and plasma cells 



are demonstrable in the medulla of the thymus 
in a significant percentage of people dying sud- 
denly or after a short illness: this suggests that 
B lymphocytes, presumably entering the thymus 
from the blood, are capable of mounting an 
antibody response. Thymic germinal centres 
are rarely seen in patients dying after a chronic 
illness, perhaps because there has been in- 
creased secretion of adrenal glucocorticoids, 
which results in thymic and lymphoid atrophy. 
Thymic germinal centres are, however, numer- 
ous in many cases of myasthenia gravis (p. 936), 
and occur also in the connective tissue diseases. 

Immune responses in non-lymphoid 
tissues 

In intensive and prolonged antibody responses, 
plasma cells may be widespread in various 
tissues, including the haemopoietic marrow, 
which can be an important site of antibody 
production. When antigen gains entrance to 
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non-lymphoid tissues, some of it is carried, 
either free or by macrophages, to the local 
lymph nodes where an immune response 
occurs. If, however, the antigen persists in its 
original site, as in chronic infections, skin allo- 
grafts and locally-injected antigen of low solu- 
bility, then specifically primed T and B cells de- 
rived from the immune response in the lymph 
nodes may enter the tissue and respond specifi- 
cally to the antigen: thus after 2 weeks or so 
there may be numerous plasma cells and also 
proliferating T lymphoblasts. Macrophages 
also accumulate and may play a role in the 
local immune response by processing the anti- 
gen (p. 134). If the antigen persists locally for 
some weeks, lymphoid tissue with germinal 
centres and T-cell areas may develop, i.e. ecto- 
pic secondary lymphoid tissue. This is seen also 
in the thyroid, etc. in the organ-specific auto- 
immune diseases (p. 162), and in the synovial 
membrane of joints in rheumatoid arthritis 
(Fig. 23.52, p. 918). 
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Immunopathology 


This chapter is devoted entirely to disease pro- 
cesses which have an immunological basis. 
It falls naturally into two parts. First, the 
hypersensitivity reactions which are of 
an immunological nature. It should be 
noted that this use of the term hypersensitivity 
is somewhat restricted. It does not include 
those conditions in which the subject is 
abnormally sensitive to a drug as a result of 
genetically determined deficiency of an enzyme 
system necessary for metabolising the drug 


or because of failure to excrete the drug or 
its metabolites, e.g. in diseases of the liver 
or kidneys: this type of undue responsiveness 
is termed idiosyncrasy and is not dealt with 
here. 

The second main section of the chapter de- 
scribes the immunological deficiencies, i.e. con- 
genital or acquired conditions in which the sub- 
ject is incapable of the normal range of im- 
munological responses and as a result is unduly 
susceptible to infection. 


Hypersensitivity Reactions 


In most instances, hypersensitivity may be 
defined as a state in which the introduction of 
an antigen into the body elicits an unduly 
severe immunological reaction. It follows previ- 
ous exposure to the antigen and is a conse- 
quence of the development of an immune re- 
sponse, i.e. production of antibodies or sen- 
sitised lymphocytes reactive with the antigen. It 
is this reaction between the antigen and products 
of the immune response which produces the les- 
ions of the hypersensitivity disease processes. 

Hypersensitivity reactions may be localised 
to the site of entry of the antigen, or gener- 
alised: the local reactions are mainly of an in- 
flammatory nature, but may also include spasm 
of smooth muscle. The generalised effects in- 
clude fever, shock, gastrointestinal and pul- 
monary disturbances, and sometimes fatal cir- 
culatory collapse. One of the earliest examples 
of hypersensitivity was provided by Richet and 
Partier (1902) who observed that intravenous 
injection of small amounts of extracts of sea 
anemone into dogs was harmless, but a second 
injection some weeks later was quickly followed 
by a violent and sometimes fatal reaction with 


dyspnoea, vomiting, defaecation, micturition 
and collapse. Since this early report, which illus- 
trates the acute and severe nature of some 
hypersensitivity reactions, a great deal has been 
learned, and hypersensitivity reactions may 
now be classified into four major types (see 
below). 

The definition of hypersensitivity given 
above refers solely to foreign antigens entering 
the body from outside. However, the term in- 
cludes also the conditions commonly known as 
the autoimmune diseases, in which antibodies or 
sensitised lymphocytes appear which are cap- 
able of reacting with a normal cell or tissue 
constituent in vivo, with consequent path- 
ological changes. Hypersensitivity reactions 
may result also from passive immunisation, for 
example when antibody is produced in the 
mother by active immunisation by fetal red 
cells, and crosses the placenta in a subsequent 
pregnancy to gain entrance to the fetal circula- 
tion. Another special example of hypersen- 
sitivity of increasing importance is the rejection 
process in allogeneic or heterogeneic tissue trans- 
plants. The increasing diversity and use of 
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drugs has also provided an important group of 
drug hypersensitivities and the same applies to 
the expanding number of chemicals used dom- 
estically and in industry. 

The four major types of hypersensitivity 
reactions are described briefly below and then 
each is dealt with in more detail. They have 
been elucidated very largely by animal ex- 
periments. Hypersensitivity reactions in man, 
whether they occur naturally or as a result of 
transplantation, or from administration of a 
drug, tend to be complex and often involve 
more than one of the four types. 

Atopic, anaphylactic or type 1 reactions occur 
in individuals who are predisposed to develop 
increased amounts of IgE class antibodies in 
response to antigenic stimuli. IgE antibody 
binds to mast cells, and subsequent union of 
the corresponding antigen triggers off release 
of histamine, etc., from the sensitised mast 
cells, giving rise to a local inflammatory reac- 
tion and smooth muscle spasm, or to a more 
generalised reaction. Examples include hay 
fever and asthma. 

Cytotoxic antibody or type 2 reactions occur 
when antibody develops which is capable of 
reacting with surface antigens of cells. As a 
result, the cells are injured by subsequent com- 
plement activation, phagocytosis, etc. Ex- 
amples include destruction of red cells and 
platelets by auto-antibodies to their surface 
components. 

Immune-complex, Arthus-type or type 3 reac- 
tions are caused by the reaction of antibody, 
usually of IgG class, with the corresponding 
soluble antigen. This can occur locally (Arthus 
reaction) or in the blood. In either case, 
immune complexes are deposited in the walls of 
blood vessels, where they activate complement 
and induce vascular injury. 

Delayed hypersensitivity or type 4 reactions 
occur when the primed T lymphocytes, which 
develop during the cell-mediated immune re- 
sponse, encounter the corresponding antigen. 
The specifically reactive T lymphocytes trans- 
form to blast cells and secrete a number of 
factors (lymphokines) which mediate an acute 
inflammatory reaction, aggregation of more 
lymphocytes and monocytes, and sometimes 
necrosis. The tuberculin skin test is a good 
example. 

It should be noted that type 1 and 2 reac- 
i fiofls occur in subjects predisposed to unusual 


immune responses, while types 3 and 4 are the 
result of immune responses of which all normal 
individuals are capable. 

Before considering types of hypersensitivity 
in detail, this is a convenient place to give ac- 
counts of two systems, the profound importance 
of which is becoming increasingly apparent. 
The first is the complement system, which was 
for long regarded as being concerned solely in 
relation to antigen antibody reactions, but is 
now known to participate in many other pro- 
cesses, e.g. in inflammation, blood clotting and 
fibrinolysis. The second is the cyclic nucleotide 
system, in which the levels of cyclic AMP and 
GMP within the cell play an important role in 
most of the functions of animal cells: its role in 
controlling the release of mast cell products, 
which is outlined briefly below, is involved in 
some forms of hypersensitivity, but is only one 
illustration of its much wider importance. 


The complement system 

This consists of at least 1 8 proteins which make 
up about 10 per cent of the total protein of the 
plasma. Many of the components are syn- 
thesised by monocytes and macrophages and 
increased macrophage activity, as in inflamma- 
tion, is accompanied by enhanced production 
of some complement components. 

Eleven of the complement components are 
termed C1-C9 (Cl is a complex of three fac- 
tors, Clq, Clr and Cls), and when complement 
is activated by an antigen-antibody reaction 
these components react in sequential or cascade 
fashion in the order 1 to 9 except for C4 which 
is now known to react sequentially between Cl 
and C2. Such activation is termed the classical 
pathway. A second method of activation, 
termed the alternative pathway, is also initiated 
by antigen-antibody complexes and by certain 
bacteria without the necessity for an antigen- 
antibody reaction: it involves at least four addi- 
tional factors — factors B, D, P (properdin) 
and C3b — and triggers off the sequential re- 
action at the C3 stage, so that Cl, 4 and 2 are 
not involved. Various proteolytic enzymes pre- 
sent in inflammatory exudates and participat- 
ing in the clotting and kinin systems can also 
activate the complement reaction at the Cl or 
C3 stages (p. 55). Compliment activation is 
modulated by spontaneous decay of some of 
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the activated components and by a number of 
inhibitory factors, the best known of which 
are Cl-INH which inhibits Clf and C3b- 
INA and /J1H, both of which inhibit C3b 
activity. 

The classical pathway (Fig. 6.1) is initiated 
when IgG or IgM antibody reacts with antigen. 
As shown in Fig. 6.1, three of the stages of the 
pathway involve enzyme reactions, and since 
one molecule of enzyme can cleave many mole- 
cules of substrate, the sequential reaction is 
amplified as it progresses. Such amplification 
is, however, opposed by the rapid spontaneous 
decay of some of the activated components and 
by various inhibitory factors. 

The alternative pathway. It is probable that 
there is continuous triggering of the classical 
pathway, perhaps by low concentrations of anti- 
gen-antibody complexes resulting from 
absorption of small amounts of environmental 
antigens or by low-grade plasmin activity. Such 


complement activation is largely held in check 
by Cl-INH, but presumably provides some 
C3b, which is an essential factor in the alter- 
native pathway (Fig. 6.1). Normally, the alter- 
native pathway is held in check by C3b-INA 
and /?1H, both of which are necessary to pre- 
vent uncontrolled cleavage of C3 by this path- 
way, and agents which trigger off the alter- 
native pathway do so by interfering with the 
inhibitory function of C3b-INA and/or J?1H. 
The lipopolysaccharide cell wall material (in- 
cluding endotoxin) of various bacteria is the 
most important activator of the alternative 
pathway; it probably acts by binding C3b and 
rendering it resistant to the action of these in- 
hibitors. The alternative pathway is also acti- 
vated by IgA antibody-antigen complexes, and 
since C3b is the limiting factor in the alter- 
native pathway, its production in the classical 
pathway also promotes alternative pathway 
activity. 
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Fig. 6.1 Activation of complement. The classical 
pathway is initiated when Cl, which is a pro-enzyme, 
is activated by binding to the Fc of IgG or IgM anti- 
body complexed with antigen (Ag-Ab). The active 
enzyme Cl (activated components of the system are 
indicated by overlining) cleaves both C4 and C2 into 
small fragments (C4a and C2b) and large frag- 
ments (C4b and C2a). T he la rge fragments unite to 
form a second enzyme C4b2a which cleaves C3 into 
C 3a a nd C3b. The large fragment, C3b, bi nds to 
C4b2a to form a third enzyme, C4b2a3b, which 
cleaves C5 into C5a and C5b. C6 and C7 then bind 
to C5b, forming a stable complex, C5b67. C8 binds 
to this complex which in turn binds C9 to form the 
C5b-9 lytic complex. 

The alternative pathway requires C3b for its initia- 
tion: this is provided by continuous spontaneous 
low-grade activity of the classical pathway, or by 
splitting of C3 by plasmin, the kinin or clotting sys- 
tems, or by various proteolytic enzymes released by 
polymorphs, injured tissue cells, etc. C3b is in- 
activated by C3bINA and jSIH, but is protected by 
the binding of B (and probably also by endotoxin). 
D spli ts B in this complex, releasing Ba, leaving 
C3bBb which binds P (properdin) to form a complex 
which splits C3, producing more C3b: this amplifies 
the alternative pathway activation and also contrib- 
utes to an enzyme complex which splits C5 to pro- 
vide C5b. The reaction then proceeds as in the later 
stages of the classical pathway. 

* Those activated components and complexes 
which bind to cell surfaces are marked with an aster- 
isk. 


t Activated components of the complement system are indicated by overlining, e.g. Cl. 
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Biologically active products of complement. 

When complement is activated by either path- 
way, some of the activation products are re- 
leased into the surrounding fluid. Of these, C3a 
and C5a influence the behaviour of various 
cells. They stimulate mast cells and basophils to 
release histamine and other vasoactive amines 
and thus induce vascular exudative changes as 
in acute inflammation. In these effects, C5a is 
far more potent than C3a. C5a is also chemo- 
tactic for neutrophil polymorphs and mono- 
cytes and so promotes emigration and accu- 
mulation of these cells. C3a and C5a are 
commonly, though inappropriately, termed 
anaphylatoxins (p. 55). When complement is 
activated by particulate material, e.g. micro- 
organisms or host cells sensitised with antibody, 
or certain bacteria alone, some of the activation 
products, indicated in Fig. 6.1 by an asterisk, 
bind to the surface of the target cell and pro- 
mote its destruction by two methods. Firstly, 
polymorphs and macrophages have surface re- 
ceptors for C3b, adherence of which to the 
target cell [immune adherence) thus promotes the 
binding of polymorphs and macrophages and 
favours phagocytosis and destruction of the tar- 
getcell. Secondly, completion of the complement 
cascade results in the insertion of the C5b-9 com- 
plex into the target cell plasma membrane 
which is consequently injured, sometimes causing 
cell death. The mode of injury is not fully under- 
stood, but in electron micrographs apparent 
holes develop in the cell membrane (Fig. 2.10, 
p. 18), the cell absorbs water and electrolytes, 
swells up and ruptures. 

When complement is activated by either 
pathway, C5b is released and may adhere to 
adjacent cells not involved in the initial activa- 
tion. The C5b-9 complex may then build up on 
these ‘innocent’ cells, causing their death. This 
is known as bystander cell lysis or reactive lysis. 

The pathological importance of complement. 
As explained earlier (pp. 44-61), complement is 
a source of mediators of the acute inflammatory 
reaction and appears to be of importance in the 
inflammation induced by various non-im- 
munologic stimuli. The role of complement in 
types 2 and 3 hypersensitivity reactions is dis- 
cussed later in this chapter. 

. Probably the most important role of comple- 
ment is in killing micro-organisms and render- 
. ing them susceptible to ingestion and killing by 
phagocytes (pp. l 80-2). 


Complement deficiency. Genetically-deter- 
mined deficiency of one or other of the comple- 
ment components is rare. Deficiency of an early 
component (Cl, C4 or C2) does not usually 
give rise to disease, presumably because activa- 
tion can still occur by the alternative pathway. 
Deficiency of a later component usually results in 
an increased susceptibility to bacterial infection. 

The best known genetic abnormality of com- 
plement is deficiency of t'i-INH which results 
in uncontrolled activation of complement and 
the inflammatory lesions of hereditary angio- 
oedema (p. 254). 

Detection of complement components. The 

measurement of total haemolytic complement 
activity present in serum is performed tradi- 
tionally by determining the concentration of 
serum required to cause lysis of 50°„ of a sus- 
pension of red cells sensitised with antibody (p. 
112). Techniques are, however, available to 
measure individual complement components, 
and also their activation products: such tests 
are now in routine use to detect evidence of 
activation of complement in vivo in various dis- 
eases, and to distinguish between activation by 
the classical and alternative pathways. 

The cyclic nucleotides 

The integrity of multicellular organisms is obvi- 
ously dependent on co-ordinated function of 
their individual cells. This involves systems of 
communication between cells by the nervous 
system, and the responsiveness of cells to the 
levels of hormones and various other solutes in 
the extracellular fluid. A major advance in the 
understanding of how cells respond to such sig- 
nals has been provided by the discovery that 
many cell functions are controlled by the con- 
centration of cyclic nucleotides in the cytosol 
(see Lamer, 1977). The effects of these com- 
pounds are illustrated here by the role they 
play in release of stored products by mast cells, 
a phenomenon of importance in type 1 hyper- 
sensitivity. 

The release of histamine and other vaso- 
active agents stored in mast cell granules has 
already been discussed in relation to the in- 
creased vascular permeability of acute inflamma- 
tion. It is triggered off by various physical and 
chemical agents. In type 1 hypersensitivity, 
degranulation of mast cells (and basophil 
leukocytes) occurs when molecules of antigen 



combine with molecules of IgE class antibody 
bound to the mast cell surface (see below). /?- 
adrenergic receptor blockade also has the same 
effect, while /J-adrenergic stimulation, e.g. by 
isoprenaline, salbutamol and adrenaline, 
inhibits mast cell degranulation (Fig. 6.2). Stimu- 
lation or blockade of a receptors and cholinergic 
receptors also influence mast cell degranulation. 
It is thus apparent that many agents have an 
effect on this important function of mast cells. 
It now appears that they operate through a 
common pathway — by raising or lowering the 
levels of cyclic nucleotides in the cytosol of the 
mast cell. 

Agents which stimulate ft receptors activate 
an enzyme, adenyl cyclase, which lies at the 
inner surface of the cell membrane, and this 
results in increased production of cyclic adeno- 
sine monophosphate (cAMP) which suppresses 
release of stored products of the mast cell, 
while /{-adrenergic blockade inhibits adenyl 
cyclase with consequent fall in cAMP level and 
the stored products are released. Stimulation or 
blockade of the a-adrenergic receptors have 
the opposite effects. Agents which react with 
the cholinergic receptors influence the activity 
of guanyl cyclase which in turn affects the level 
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in the cytosol of a second nucleotide, cyclic 
guanosine monophosphate (cGMP). In general, 
cAMP and cGMP have opposite effects on cell 
function, and it appears to be the ratio of the 
two which is of importance. Thus a fall in 
cAMP and/or a rise in cGMP favour de- 
granulation. The cyclic nucleotides are inactiv- 
ated by intracellular phosphodiesterases, and 
many agents, including some of those men- 
tioned above, also influence the levels of the 
cyclic nucleotides by affecting the activity of 
these enzymes. 

Not only do cAMP and cGMP have oppo- 
site effects on the cell, but some agents which 
lower the level of one increase the other. This 
may be mediated by an effect on the permea- 
bility of the cell membrane for Ca + + or on the 
distribution of Ca + + within the cell, for a rise of 
Ca + + in the cytosol inhibits adenyl cyclase acti- 
vity and activates cAMP-phosphodiesterase, 
thus decreasing cAMP: it has the opposite 
effect on cGMP. 

Although the mast cell has been used to illu- 
strate the importance of the cyclic nucleotides, 
they are of equal importance in all cells, exert- 
ing an influence on cell division, motility, secre- 
tion, etc. A fall in cAMP and rise in cGMP is 
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Fig. 6.2 Discharge of mast-cell and basophil-leukocyte granules, showing the relationship between the levels 
of the cyclic nucleotides (cAMP and cGMP) in the cytosol and release of products stored in the cell granules. 
Stimulation (stim) and inhibition (inh) of /{-adrenergic and cholinergic cell surface receptors influence the 
activity of adenyl and guanyl cyclases and thus the levels of cAMP and cGMP in the cytosol. The attachment 
of antigen to cell-bound IgE antibody inhibits adenyl cyclase and causes discharge of the granules. Although 
a-adrenergic receptors (not shown) also influence the levels of cyclic nucleotides, the mechanism has not been 
elucidated. Note that the pathways above the hatched lines stabilise mast cell granules and those below 
stimulate their discharge. 
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associated with mitosis. In many glandular 
cells, the same change is associated also with 
secretory activity, although in some instances, 
e.g. the cells of the adenohypophysis and the 
thyroid epithelium, secretion is induced by a 
rise in cAMP and a fall in cGMP. 

Atopy (anaphylactic, ‘immediate’ 
or type 1) hypersensitivity 

Approximately 10% of the population suffers 
from this type of hypersensitivity, although in 
most of these the symptoms are mild and occa- 
sional. The commonest manifestations of atopy 
are hay fever and extrinsic asthma, which tend 
to run in families and are sometimes preceded 
by atopic eczema in infancy and childhood. The 
sufferer from hay fever develops acute in- 
flammation of the nasal and conjunctival 
mucous membrane with sneezing and nasal and 
lacrimal hypersecretion within minutes of ex- 
posure to an atmosphere containing the causal 
agent (usually grass or other pollens). Simi- 
larly, an acute attack of asthma, with difficult 
wheezing respiration due to narrowing of the 
airways by bronchospasm and mucous secre- 
tion, develops rapidly when the asthmatic in- 
hales the agent to which he is hypersensitive, 
e.g. house dust or animal dander. Atopic indi- 
viduals, particularly in childhood, may also 
suffer from ‘food allergies’ in which absorption 
of antigenic constituents of certain foods, e.g. 
milk or eggs, promotes an acute reaction in the 
gut with colicky pain, vomiting and diarrhoea. 

Urticaria, consisting of acute inflammatory 
lesions of the skin with wealing due to dermal 
oedema, is common in atopic subjects and also 
occurs alone as an acute or chronic condition. 

In addition to local disturbances, atopic pati- 
ents sometimes develop acute systemic anaphy- 
laxis (anaphylactic shock) with dyspnoea, urti- 
caria, convulsions, prostration and sometimes 
death. Generalised reactions occur when the 
responsible agent is absorbed in amounts which 
produce a significant level in the blood. For- 
tunately, severe anaphylactic shock is rare, but 
it sometimes occurs in hypersensitivity to 
drugs, notably penicillin, and to the venoms of 
stinging insects. 

Skin tests and provocation tests; Diagnosis of 
atopy- depends firstly on an accurate clinical 
history, which usually suggests that acute 
attacks result from exposure to a partic ular 


environmental antigen. To confirm the state of 
hypersensitivity, dilute solutions of the sus- 
pected antigens (which are commercially avail- 
able) may be placed on the skin and pricked in 
with a needle. A positive result is indicated by a 
local weal and flare reaction, developing within 
a few minutes (Fig. 6.3) and lasting for an hour 
or so. Hence the term ‘immediate type’ hyper- 
sensitivity. Although of diagnostic help, skin 
tests are not infallible. The atopic individual 
tends to give positive reactions not only to the 
environmental antigen(s) responsible for 
attacks of atopy, but also to various others. 
Also, in a proportion of cases the skin test is 
negative although the history is very suggestive 
of atopy to that antigen. A more reliable 
indication of the causal role of a particular 
antigen is provided by provocation tests, for 
example bronchial challenge by controlled 
inhalation of the suspected antigen by the 
asthmatic, and nasal application for the hay- 
fever patient: an acute attack implicates the test 
antigen. In all such tests, careful precautions 
must be taken to avoid provoking a severe 
reaction. 



Fig. 6.3 Skin test showing immediate (type I) 
hypersensitivity reaction. The patient was an asth- 
matic and the test was performed by intradermal in- 
jection of an extract of house dust. Note the oedema 
and wide zone of reddening. Photograph taken 10 
minutes after injection. (Dr. Ian McKay.) 



The mechanism of atopic hypersensitivity 

Passive transfer of immediate type hypersen- 
sitivity was demonstrated beautifully 60 years 
ago by the classical investigation of the two 
German doctors, Prausnitz and Kiistner. Kust- 
ner himself regularly developed hypersensitivity 
reactions immediately after eating fish, and in- 
tradermal injection of an extract of cooked fish 
induced an immediate-type reaction. Injection 
of a small amount of Kiistner’s serum intra- 
dermally into Prausnitz induced a local state of 
hypersensitivity, for when cooked fish muscle 
extract was injected intradermally 24 hours 
later at the same site an immediate-type reac- 
tion occurred, whereas other skin sites were 
negative. 

Passive transfer has been confirmed re- 
peatedly with serum from atopic subjects: it has 
been shown to be antigen-specific, and the 
interval between the two injections can be pro- 
longed to 3-4 weeks, demonstrating that the 
serum factor (reagin — see below) binds to some 
tissue element in the skin. 

Temporary atopic hypersensitivity has also 
been observed in recipients of blood from 
atopic donors: the recipient exhibits positive 
skin tests and may develop clinical atopy if 
exposed to the relevant antigen(s). Evidence 
that reagin sticks to various tissues and not just 
to skin has been provided by the demonstration 
that fresh bronchial tissue removed from an 
atopic subject undergoes contraction of the 
smooth muscle when exposed to the ap- 
propriate antigen, and it has been shown that 
normal tissues of various types can be sen- 
sitised passively by the serum of atopic indivi- 
duals. 

Reaginic antibody: IgE. Being antigen-speci- 
fic, the serum factor responsible for passive 
transfer of atopy has long been regarded as an 
antibody, and known as reagin or reaginic anti- 
body. It has proved difficult to characterise, for 
it is present in serum in only trace amounts, 
and is relatively instable; also it is homocy- 
totropic, i.e. binds to the tissues of man or 
related primates, but not to tissues of other 
genera: this restricts its detection by passive 
transfer to experiments on man and some mon- 
keys. However, it was eventually shown by 
Ishizaka et al. (1966) to be due to an im- 
munoglobulin of a distinct ‘new’ class, since 
termed IgE. Patients with IgE-producing mye- 
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lomas (plasma-cell tumours) have provided a 
rich source of IgE. Using this material, it was 
shown that when a solution of IgE or of its Fc 
component was injected into the skin it was 
found to block the tissue sites of attachment of 
reaginic antibody, and so inhibited the Praus- 
nitz-Kiistner reaction at the same site. This is 
strong confirmation that reaginic antibodies 
are of IgE class, and shows that fixation to 
tissues is a property of their Fc component. 
Antibody specific for myeloma IgE is now used 
to assay the level of IgE in serum and also as 
the basis of the in-vitro assay of specific IgE 
antibodies, e.g. by the ‘radio-allergosorbent 
test’ (RAST). Raised levels of IgE, and of IgE 
class antibodies to the relevant antigens, have 
been detected in the serum and nasal secretions, 
etc., but such in-vitro tests have so far con- 
tributed little to clinical practice. 

Role of mast cells and basophil leukocytes. 
Mast cells are widely distributed in most 
tissues, and are particularly numerous adjacent 
to small blood vessels. Basophil leukocytes re- 
semble mast cells in appearance and function; 
like other leukocytes, they can respond to che- 
motaxins and migrate from the blood into the 
tissues. Both mast cells and basophils have 
large basophilic cytoplasmic granules which 
can be discharged by various stimuli, e.g. the 
various causal agents of acute inflammation, 
and which release histamine and other vaso- 
active compounds. 

Many mammalian species are capable of 
developing immediate-type hypersensitivity 
reactions similar to atopic reactions in man, 
and animal studies have demonstrated that 
reaginic antibody binds firmly by its Fc com- 
ponent to surface receptors of mast cells and 
basophils. This leaves the Fab ends of the 
antibody free to react with the corresponding 
antigen, and when this occurs, cross-linking of 
surface-bound antibody molecules by the 
antigen results in degranulation via the cyclic- 
nucleotide pathways (p. 145), and the discharged 
granules in turn release their stored histamine 
and other vaso-active agents which bring about 
vascular hyperaemia and exudation (Fig. 6.4). 
Prior depletion of mast cell and basophil 
mediators by such compounds as 48/80 inhibits 
the immediate hypersensitivity reaction in ani- 
mals, as does the administration of histamine 
antagonists. 

Although atopy in man differs in certain 
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Fig. 6.4 The mechanism of atopic reactions. IgE 
antibody to pollens, etc., binds by its Fc component 
to mast cells (and basophil leukocytes), and subse- 
quently absorbed antigen triggers off the sensitised 
mast cells (probably by linking together antibody 
molecules on their surface) to release histamine, etc. 

respects from experimental immediate-type 
hypersensitivity in animals, and has not been so 
thoroughly studied at cellular level, there is 
nevertheless strong evidence for the mechanism 
summarised in Fig. 6.4. Human basophil leu- 
kocytes have been shown to bind IgE anti- 
bodies and to be degranulated by subsequent 
addition of antigens. Mast cells in monkey lung 
have been shown to bind human IgE, subse- 
quent cross-linking of which causes the cells to 
release histamines, etc. (Ishizaka, Ishizaka and 
Tomioka, 1972). I am unaware of similar work 
on human mast cells, but it has been shown 
that human lung tissue removed surgically 
from an atopic subject (who had developed 
bronchial carcinoma) yielded histamine and 
SRS-A (the slow reacting substance of anaphy- 
laxis) when perfused with fluid, containing a 


solution of the appropriate antigen. The main 
source of these two vaso-aetive agents in man 
are the mast cells and basophils. SRS-A is a 
lipid which increases vascular permeability and 
induces more prolonged spasm of bronchial 
smooth muscle than does histamine. Other fac- 
tors released by mast -cells and basophils in- 
clude two tetrapeptides known collectively as 
ECF-A (the eosinophil chcmotactic factor of 
anaphylaxis) and possibly prostaglandins. 

The role of eosinophil leukocytes. Acute 
atopic reactions are characterised by vascular 
hypcraemia, exudation, and emigration of eos- 
inophil polymorphs into the affected mucous 
membrane. The role of eosinophils has long 
remained a mystery, but evidence is accumulat- 
ing that they modulate the intensity of atopic 
reactions. Experimentally-induced immediate- 
type hypersensitivity reactions in rats are en- 
hanced by injection of an anti-eosinophil serum 
which depletes the blood of eosinophils, and 
these cells not only secrete histaminase and 
arylsulphatase, which inactivate histamine and 
SRS-A respectively, but there is also evidence 
that they may inhibit both mast-cell degranula- 
tion and restoration of degranulated mast cells. 
The eosinophil also plays a defensive role 
against parasitic worms (see below). 

Other immunological factors. Although IgE 
antibody is the important mediating agent of 
atopy, it may not be the only such factor. 
There is recent evidence that IgG4 antibody (p. 
108) can mediate a complement-dependent 
form of immediate type hypersensitivity, al- 
though it has not yet been proved that this 
second mechanism plays a significant role in 
human atopy. The antibody response is not 
restricted to IgE: other classes of antibody are 
also produced and in some atopic subjects the 
immediate reaction is followed by an Arthus 
(type 3) hypersensitivity reaction due to the for- 
mation of antigen-antibody complexes and 
possibly also by a delayed-hypersensitivity 
(type 4) reaction, due to primed T lymphocytes, 
in some cases. These later reactions, which may 
cause difficulty in detecting the responsible 
antigen(s), have been demonstrated most 
readily by provocation tests. 

Atopic hypersensitivity can often be reduced, 
but seldom abolished, by subcutaneous injec- 
tion of the responsible antigen in a slowly sol- 
uble (e.g. alum precipitated) form. The mech- 
anism of such hyposenstisatioo is not known, 



but it has been shown to lead to a fall in IgE 
antibody and a rise in IgG antibody in the 
serum over the next few months. It is thought 
that the IgG antibody has a ‘blocking’ effect by 
reacting with naturally-absorbed antigen, thus 
preventing its combination with IgE antibody 
bound to mast cells. Hyposensitisation is not 
always successful, and the outcome is not pre- 
dictable. There is, moreover, a possibility that, 
by stimulating the production of IgG antibody, 
the procedure may predispose the individual to 
immune complex disease (p. 152). The possible 
role of IgA antibodies in atopy is discussed 
below. 

Predisposition to atopy 

The occurrence of atopy in several generations 
of some families suggests a genetic predisposi- 
tion. In general, atopic subjects have higher 
total serum IgE levels, and produce more IgE 
antibody in response to antigenic stimulation, 
than control subjects. Accordingly it seems 
likely that the genetic factor determines the 
intensity of IgE responses. Some support for 
this is provided by the finding of an associa- 
tion, in some families predisposed to atopy, 
between the IgE response to ragweed antigen 
(commonly a cause of hay fever) and the pos- 
session of particular HLA antigens. 

Although atopy is attributable to the reac- 
tion between antigens and IgE antibodies, there 
must be other important factors, for in some 
cases the skin tests do not correlate with provo- 
cation tests nor with the occurrence of clinical 
atopy. One possibility is that the affected 
mucous membranes, e.g the nasal mucosa in 
hay fever subjects and the bronchial mucosa in 
asthmatics, are unduly permeable to small anti- 
genic molecules (most of those which induce 
atopy have a molecular weight of 40 000 or 
less), but the evidence for this is not convinc- 
ing. Related to this is the possible importance 
of the IgA antibody response and the secretion 
of IgA by mucous membranes. It has been 
shown that injection of IgA antibody into rats 
inhibits the absorption of inhaled or injected 
antigens. Most atopic subjects have normal 
serum IgA levels, but it has been reported that 
intranasal application of antigen results in the 
appearance of less IgA antibody and more IgE 
antibody in the nasal secretion in hay-fever 
subjects than in controls (Butcher, Salvaggio 
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and Leslie, 1975). It is also of great interest that 
assay of the serum IgA levels of the infants of 
atopic parents has shown that those with a low 
level of IgA at three months of age are more 
liable subsequently to develop atopic eczema 
(Taylor et al., 1973) and probably also asthma 
(Soothill, personal communication). The same 
group of workers has also reported that avoid- 
ance of the environmental antigens which 
commonly cause atopy (including dairy pro- 
ducts) during the first six months of life reduces 
the incidence of atopic eczema in infants with 
an atopic predisposition (Matthew et al., 1977). 

It has also been reported that T-cell deple- 
tion in rats enhances IgE antibody responses. 
In atopic subjects, there is no good evidence of 
a T-cell deficiency, although children with the 
rare Wiskott-Aldrich syndrome (p. 171), who 
have a congenital T-cell deficiency, are prone to 
develop atopy. 

There is also evidence that parasympathetic 
bronchoconstrictor nerve endings between the 
bronchial epithelial cells are unduly irritable in 
asthmatics. These nerve endings are triggered 
by various stimuli, possibly including antigen- 
antibody complexes, and it has been postulated 
that an asthmatic attack may be initiated by 
formation of such complexes with consequent 
stimulation of cholinergic mast cell receptors 
and degranulation (Fig. 6.2). From these vari- 
ous observations, it is apparent that a number 
of abnormalities in the pathway between the 
exposure of the mucosa to antigens and the 
reaction of submucosal blood vessels, mucous 
glands and smooth muscle of the bronchi could 
be involved in atopy, but none have been de- 
monstrated with certainty to be of importance. 

It is noteworthy that in African communities 
with a high rate of infestation with parasitic 
worms, IgE levels are also high, although atopy 
is uncommon. Infestation with worms or injec- 
tion of worm extracts has been shown in an- 
imals to increase the IgE antibody response to 
various antigens. IgE antibody is important in 
the defence against worms, and it has been 
suggested that, by binding to mast cells, anti- 
parasitic IgE antibody, if present in relatively 
high concentration, excludes the binding of 
other IgE antibodies and thus protects against 
atopy. This would account for the higher inci- 
dence of atopy in populations with a low level 
of parasitic infestation, and it may be that elim- 
ination of most of our parasites has exposed us 
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to the harmful effects of IgE antibody re- 
sponses to various otherwise harmless environ- 
mental antigens. 

Cytotoxic antibody (type 2) 
reactions 

The only distinctive feature of this type of 
hypersensitivity reaction is that it is mediated 
by antibodies which cause injury to cells by 
combining specifically with antigenic determin- 
ants on their surface. With few exceptions, the 
targets of cytotoxic antibodies are the cells of 
the blood. Such injury has been investigated 
mainly in man, in whom it may occur in the 
following circumstances. 

1. Auto-antibodies may develop which are 
reactive with normal antigenic constituents on 
the surface of cells. This unexplained break- 
down of self-tolerance may occur in isolation 
or as a feature of systemic lupus erythematosus 
(p. 164) and is sometimes associated with a 
number of infections and with lymphocyte neo- 
plasia. 

2. Drug-induced cytotoxic antibodies. Some 
drugs or their metabolites bind to the surface 
of one or other type of cell: if such a drug is 
haptenic, it induces an antibody response, and 
the reaction of antibody with the cell-bound 
hapten may bring about destruction of the cell. 

3. Iso-antibodies can cause injury to cells of 
the blood following blood transfusion or trans- 
plantation of haemopoietic or lymphoid tissue. 
Maternal iso-antibodies of IgG class may also 
pass through the placenta and injure the cells 
of the fetus. 

Cytotoxic antibodies to cells of the blood 

Cytotoxic auto-antibodies. The classical ex- 
ample is auto-immune haemolytic anaemia in 
which red cell injury is brought about by auto- 
antibody reactive with various antigenic de- 
terminants inherent in the surface of red cells. 
The antibody may be of IgG or IgM class, and 
can be detected on the red cell surface by the 
anti globulin test (p. 1 1 1). When present in low 
concentration on the cell surface, IgG may 
have little or no effect. In higher concentration, 
it promotes the binding of the red cell to mac- 
rophages which have receptors for the Fc of 
IgG; such landing may result in injury to the 
Wd'Oell membrane or to phagocytosis and de- 


struction of the red cell by macrophages, 
mostly in the red pulp of the spleen and the 
hepatic sinusoids. IgG antibody can also activ- 
ate complement and cause intravascular lysis of 
the cells: this requires pairs of IgG antibody 
molecules bound to closely adjacent antigenic 
sites on the red cell surface. IgM antibodies, 
even in low concentration, often cause red cell 
destruction by intravascular lysis: single IgM 
molecules binding to two or more antigenic 
determinant sites on the red cell surface are 
capable of activating complement. Comple- 
ment activation also promotes binding of the 
red cells to macrophages (by the C'3b receptors 
of the latter), while IgM antibody can also 
cause agglutination of red cells, particularly 
where the circulation is slow, as in the red pulp 
of the spleen; both these effects result in intra- 
splenic destruction of red cells. 

Idiopathic thrombocytopenic purpura is 
caused by auto-antibody which reacts with the 
surface components of normal platelets, with 
similarly destructive effects. The frequency with 
which splenectomy is followed by a rapid rise 
in the platelet count indicates the importance of 
the splenic macrophages in the increased plate- 
let destruction. 

Auto-antibodies to leukocytes may be a cause 
of leukopenia (reduced numbers of leukocytes) 
but this is difficult to prove, partly because 
such auto-antibodies must usually be sought by 
testing the patient’s serum with leukocytes 
from another individual, and iso-antibodies to 
leukocytes are a common snag. Secondly, leu- 
kocytes tend to bind IgG non-specifically and 
give a false-positive antiglobulin test. 

Drug-induced cytotoxic antibodies. Some 
drugs or their metabolites are capable of bind- 
ing to the surface of red cells, leukocytes or 
platelets and acting as haptens. Antibody de- 
velops and binds to the hapten on the cell sur- 
face, and cell injury and destruction may then 
result, as in the case of auto-antibodies (see 
above). A good example of this is provided by 
penicillin, the benzyl-penicilloyl degradation 
product of which binds firmly to red cells. 
Most people who have received penicillin have 
some antibody (usually IgM) to the penicilloyl 
group, but after prolonged heavy dosage, high 
titres of IgG antibody develop in some patients 
and this brings about the destruction (mostly 
by splenic phagocytosis) of sensitised red cells. 
Some drugs, for example rifantpicin, result in 



platelet destruction by an immunological reac- 
tion; this may be due to its binding to the plate- 
let surface and acting as a hapten, as described 
above, but it seems more likely that it forms 
complexes with antibody in the plasma and 
that it is the binding of such complexes to 
Fc receptors of the platelets which causes their 
destruction (p. 160). 

A very few drugs can induce the develop- 
ment of auto-antibodies: for example, patients 
receiving a-methyldopa for a few months often 
develop auto-antibodies to surface antigens on 
their red cells, detectable by the direct anti- 
globulin test: there is no evidence that the anti- 
bodies react with drug-derived antigens, for they 
are true auto-antibodies and react with the 
patient’s and other individuals’ red cells. In 
most instances, there is insufficient antibody to 
cause significant red cell destruction, but ap- 
proximately 1 per cent of patients develop a 
haemolytic anaemia which gradually dis- 
appears on withdrawing the drug; the mech- 
anism of auto-immunisation is obscure. 

Cytotoxic iso-antibodies. In blood transfu- 
sion, administration of red cells possessing the 
A or B surface iso-antigens to an individual 
whose plasma contains the natural anti-A or 
anti-B iso-antibodies usually results in rapid 
destruction of the donated red cells. These 
natural antibodies are of IgM class and so 
complement fixation and lysis of the in- 
compatible red cells results. There are literally 
dozens of other red cell iso-antigens, but nor- 
mally the corresponding antibodies appear in 
the plasma only after blood transfusion or preg- 
nancy (see below). After the ABO groups, the 
Rhesus (Rh) system of iso-antigens is of most 
importance in man. Transfusion of red cells 
possessing Rh antigens which are not present in 
the recipient’s red cells often results in develop- 
ment of the corresponding Rh antibody, fol- 
lowing which the transfused cells are destroyed 
abnormally rapidly in the spleen. During 
labour (or abortion) some fetal red cells enter 
the mother’s circulation, and, if Rh-in- 
compatible (which depends on the father’s Rh 
group) they sometimes stimulate development 
of Rh antibodies. 

The Rh antibodies are particularly important 
in pregnancy, because they are usually mainly 
of IgG class, and so can cross the placenta. If 
the pregnant woman has developed Rh anti- 
bodies, as a result of a previous pregnancy or 
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blood transfusion, they enter the fetal circula- 
tion and, if the fetal red cells possess the corre- 
sponding Rh antigens, abnormal destruction 
results in fetal death or anaemia (Fig. 6.5). 
Once an individual has developed Rh anti- 
bodies, from either pregnancy or transfusion, 
subsequently transfused Rh-positive red cells 
are liable to be destroyed rapidly. The develop- 
ment of Rh antibodies can very often be pre- 
vented by injecting Rh antibody into the Rh- 
negative woman within 48 hours after termina- 
tion of an Rh-incompatible pregnancy. 


Rh +ve transfusion 


Rh +ve pregnancy 


Rh — ve woman 




Rh iso-antibody (IgG) 


Subsequent Rh +ve 
pregnancy 


-Placenta 


Destruction of fetal RBC 

Fig. 6.5 Haemolytic disease of the newborn. Fetal 
red cell destruction is brought about by maternal 
isoantibody which has developed as a result of previ- 
ous Rh +ve pregnancy or transfusion of Rh +ve 
blood. 


In common with tissue cells, the leukocytes 
and platelets have antigens belonging to the 
HLA and other ‘transplant antigen’ systems (p. 
166). This is seldom of importance in blood 
transfusion unless the aim is to supply these cell 
types to a deficient recipient. Blood transfusion 
and pregnancy do, however, stimulate the de- 
velopment of HLA and other antibodies, and 
subsequently transferred platelets or leukocytes 
may be destroyed rapidly. Such iso-immunisa- 
tion is of importance if subsequent transplanta- 
tion, e.g. of a kidney, is performed (p. 846), and 
maternal iso-antibodies to platelets may also 
cause thrombocytopenia in the fetus. 


Auto-antibodies to tissue constituents 

Auto-antibodies which react with components 
of tissue cells in vitro are demonstrable in the 
serum of patients with various diseases (p. 161), 
but the available evidence suggests that they 
are not usually a major cause of cell injury. In 
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some instances, this is because they react with 
intracellular, as opposed to surface constitu- 
ents, of the target cells. A good example is anti- 
body to deoxyribonucleoprotein, which is pre- 
sent in the plasma of patients with systemic 
lupus erythematosus: it can react with, and lead 
to destruction of, the nuclei of dead cells, but 
does not reach the nuclei of living cells. 

There are, however, two examples of auto- 
antibodies which react with cell surface re- 
ceptors and have a profound effect on the 
target tissue cells. One is a thyroid auto-anti- 
body, which reacts with the TSH receptor of 
thyroid epithelium and, like TSH itself, stimu- 
lates the cell to increased function and prolifera- 
tion: this is the cause of Graves' disease , the 
common type of hyperthyroidism. The other is 
an antibody to the acetylcholine receptor in 
skeletal muscle cells: it blocks the receptor and 
thus causes the muscle weakness of myasthenia 
gravis (p. 936). A third example of a harmful 
auto-antibody is found in a small proportion of 
sterile men: it reacts with spermatozoa and may 
be present in sufficient concentration in seminal 
fluid to impair their motility. 

Although ‘cytotoxic’ implies injury to cells, 
type 2 hypersensitivity is sometimes extended 
to include antibody-induced injury to ex- 
tracellular tissue elements. The best known ex- 
ample of this is the rare type of glomerulo- 
nephritis in which auto-antibody develops 
to glomerular capillary basement membrane. 
Union of this antibody with the inner surface 
of the basement membrane is followed by acti- 
vation of complement, as in the Arthus reac- 
tion, and a destructive inflammatory lesion re- 
sults in the glomeruli (p. 832). 

Antibody-dependent lymphocyte cytotoxicity 

When a suspension of living cells is treated with 
an IgG class antibody which reacts with their 
surface membrane, and normal lymphocytes 
(e.g. from the peripheral blood of a normal 
individual) are added, some of the lymphocytes 
bind to the surface of the sensitised cells and 
bring about their destruction: this probably 
involves penetration of the target cell mem- 
brane by the lymphocyte (Reid et ai., 1979). 
The cytotoxic lymphocytes, sometimes called K 
cellk (p. 120), do not have surface lg, and so ale 
not B lymphocytes: they may be a subset of T 
cells or a third type of lymphocyte. 


The importance of this type of cell injury in 
man is not known, but there is evidence sug- 
gesting that it contributes to the destruction of 
tumour cells in experimental animals. 

Immune complex, Arthus-type 
(type 3) reactions 

These result from formation of immune com- 
plexes by union of antigen with free IgG or 
IgM antibody with consequent activation (‘fixa- 
tion’) of complement. This leads, in turn, to 
acute inflammation with accumulation of poly- 
morphs and aggregation of platelets. The poly- 
morphs phagoeytose the immune complexes 
and release lysosomal enzymes Which cause 
tissue injury and aggravate the inflammatory 
response directly and by activating the kinin, 
clotting and plasmin systems (Fig. 3.13, p. 55). 
Depending on the distribution of antigen, the 
reaction may be localised to a particular tissue, 
and is then termed an Arthus reaction, or 
immune complexes may form in the blood, 
producing a generalised reaction commonly 
known as ‘serum sickness’ or circulating 
immune-complex disease. 

The local or Arthus reaction 

This was described in 1903 by Arthus, who in- 
jected rabbits repeatedly with horse serum. 
When the animals had developed a high level of 
circulating antibodies to horse serum proteins, 
he noticed that a subcutaneous injection of 
horse serum induced a local acute in- 
flammatory reaction, developing over a few 
hours and sometimes progressing to necrosis. It 
has since been shown that the reaction may be 
induced by local injection of a soluble antigen 
into various tissues in animals with a high level 
of the corresponding precipitating antibody in 
their blood. It can be induced also in animals 
immunised passively by intravenous injection 
of precipitating antibody (passive Arthus reac- 
tion). Localisation of the reaction depends on 
precipitation of all the antigen in the tissues 
around the injection site, and thus on a high 
litre of precipitating antibody in the plasma. 

Histological features. Microscopy of the 
Arthus reaction shows the typical changes of 
acute inflammation with congestion of small 
vessels, inflammatory exudation, and marked 
pavementing and emigration of neutrophil 



polymorphs. There may be aggregation of 
platelets in the small vessels and, depending on 
the severity, haemorrhages and thrombosis, and 
necrosis extending from the walls of small ves- 
sels to surrounding tissues. 

Mechanism. Immunofluorescence techniques 
have demonstrated precipitates of antigen- 
antibody complexes in the lesion, particularly 
in the walls of venules. Fixed components of 
complement may also be detected in the pre- 
cipitates. The Arthus reaction is largely sup- 
pressed in animals by depletion either of neu- 
trophil polymorphs, e.g. by nitrogen mustard, 
or of complement, e.g. by cobra-venom factor; 
the intensity of the reaction is reduced by 
administration of corticosteroids. From such 
evidence it has been deduced that the reaction 
is brought about as follows (see also Fig. 6.6). 
Immune complex formation and deposition in 
the walls of venules leads to activation of 
complement, the products of which include 
anaphylatoxins * (C3a and C5a) which bring 
about acute inflammation by releasing hista- 
mine, etc., from mast cells. C5a, and possibly 
other complement products, are chemotactic 
for polymorphs, which consequently migrate 
into the vessel walls and surrounding tissues 
in large numbers and phagocytose the immune 
complexes. In so doing, they release lysosomal 
enzymes and cationic proteins which cause fur- 
ther tissue damage, digest proteins with pro- 
duction of kinins and other vaso-active pep- 
tides, and thus aggravate the inflammatory 
reaction. Platelet aggregation occurs in the 
damaged vessels and initiates thrombosis with 
consequent ischaemic necrosis. 

The Arthus reaction in man was commonly 
seen in the days when crude preparations of 
horse antitoxic globulin or whole antitoxic 
serum was administered in the prevention and 
treatment of diphtheria, tetanus, etc. This re- 
sulted in the development of precipitating anti- 
bodies to horse proteins and a subsequent sub- 
cutaneous or intramuscular injection of horse 
globulin or serum elicited an Arthus reaction. 
More recently, it has been shown that the 
Arthus reaction is the basis of extrinsic allergic 
alveolitis, a good example of which is ‘farmer’s 
lung’. The farm worker inhales large numbers 
of the spores of bacteria growing in mouldy 
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Fig. 6.6 Mechanism of the Arthus reaction. Local 
injection of soluble antigen into an animal with a 
high plasma level of the corresponding antibody of 
IgG class results in union of antigen and antibody in 
the walls of venules. Complement reacts with the anti- 
gen-antibody complexes, and reaction products of 
complement induce inflammation and polymorph 
infiltration. The release of polymorph enzymes 
brings about vascular and tissue injury. 


hay; bacterial antigen is absorbed via the alveo- 
lar walls and stimulates antibody production. 
Subsequent inhalation of the spores induces an 
acute Arthus reaction in the alveolar walls. It 
has become apparent that individuals with pre- 
cipitating antibody in their serum vary greatly 
in their susceptibility to farmer’s lung: there is 
some evidence suggesting that IgE antibody is 
also necessary, and that the Arthus reaction is 


* The term anaphylatoxin is unfortunate, because products of complement fixation do not participate in classical 
anaphylaxis in man, which is due to IgE antibodies. 
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triggered off by an initial atopic reaction which 
allows escape of antibodies of IgG class into 
the vessel walls. As in the rabbit, Arthus reac- 
tions in man are inhibited by administration of 
glucocorticoids. 

Circulating immune-complex disease: serum 
sickness 

In man, antigen-antibody complexes are 
formed in the plasma, both as a result of ad- 
ministration of foreign proteins and haptenic 
drugs, and also in a number of natural diseases, 
particularly infections. Serious effects result 
from their deposition in the walls of blood ves- 
sels, especially in the glomeruli, but also in the 
skin and the walls of arteries. Local lesions 
develop at these sites and, depending on the 
duration of deposition, may be acute and self- 
limiting, recurrent or chronic. 

Experimental basis. The basis of this form of 
hypersensitivity has been elucidated by Dixon, 
Cochrane and others (see Cochrane, 1973), 
mainly in rabbits. After a single injection of a 
large amount of antigen, e.g. bovine serum 
albumin, no harmful effects occur until, after 
several days, antibody is produced. As it ap- 
pears, it combines with antigen still present in 
the plasma, forming immune complexes. In- 
itially antigen is present in relative excess and 
its union with antibody produces small soluble 
complexes (Fig. 5.6, p. 110) which are not 
readily phagocytosed and so persist in the cir- 
culation. As antibody increases, intermediate- 
sized soluble, and then large, insoluble com- 
plexes are formed, and after a few days free 
antibody can be detected. The larger aggregates 
of immune complex are rapidly taken up and 
destroyed by phagocytic leukocytes and by 
macrophages in the liver, spleen, etc. Accord- 
ingly, in a rabbit producing a lot of precipitat- 
ing antibody, complexes disappear from the 
plasma in a few days (Fig. 6.7). During this 
period, however, in which soluble complexes 
formed in antigen excess are present in the cir- 
culation, their presence triggers off a series of 
reactions leading to release of histamine and 
other vasoactive agents, with consequent in- 
crease in vascular permeability. This in turn 
allows the : soluble complexes, along with 
plasma proteins, to leak out between the endo- 
ihekal cells, of variougblood vessels. At the 
sites oC leakage, complexes are trapped and 
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Fig. 6.7 The formation of antigen-antibody com- 
plexes in the circulation. Injection of antigen is fol- 
lowed after some days by the appearance of anti- 
body in the plasma: during the next few days, the 
concentration of antigen falls sharply and antigen 
antibody complexes are present in the plasma. 

accumulate between the endothelium and base- 
ment membrane, where their presence results in 
vascular injury. 

The mechanism of increase in vascular perme- 
ability, as in inflammation, is complicated, and varies 
in different species. In the rabbit, in which most of 
the reservoir of histamine in the blood is in the plate- 
lets, histamine release appears to be due mainly to 
union of antigen with IgE antibody bound to baso- 
phil leukocytes (i.e. a type 1 hypersensitivity reac- 
tion): this induces release of a factor which causes 
the platelets to aggregate and discharge their hista- 
mine. Other mechanisms of release of histamine from 
platelets involve activation of complement by the 
complexes and participation of neutrophil poly- 
morphs. 

In the experiment described above, in which 
rabbits are given a single injection of an anti- 
gen, immune complexes in the blood are de- 
posited beneath the vascular endothelium, par- 
ticularly in the glomerular capillaries, the small 
vessels in the joints and skin, in the endocar- 
dium, and focally in various arteries. The de- 
posited complexes continue to fix complement, 
and, except in the glomeruli, this triggers off an 
Arthus-type reaction, with acute inflammation, 
infiltration of polymorphs, and sometimes 
thrombosis and necrosis. The reaction is par- 
ticularly intense in the arterial lesions, which 
may extend to involve the whole thickness of 
the wall. Activation of complement and poly- 
morphs results in phagocytosis of the deposited 
complexes within 48 hours, so that, although 



intense, the reaction is brief. Like the local 
Arthus reaction, it can be suppressed by prior 
depletion of polymorphs or complement. In 
the glomeruli, complexes deposited within or 
on the epithelial side of the capillary basement 
membrane fix complement, and yet inflamma- 
tion is relatively mild and polymorphs are 
scanty: an obvious explanation is the one-way 
flow of filtrate from the capillary lumen to the 
urinary space, which presumably washes away 
the anaphylatoxins and chemotaxins produced 
by complement activation. Complexes persist in 
the glomeruli for many days, and cause glomer- 
ular injury by some unexplained mechanism, 
with resultant proteinuria. 

Chronic immune-complex disease can be 
produced in rabbits by giving daily intravenous 
injections of soluble antigen in amounts suffici- 
ent to provide a period of relative antigen 
excess over antibody in the plasma after each 
injection. In contrast to acute serum sickness, 
the complexes are deposited solely in the glo- 
merular capillaries, where they give rise to les- 
ions resembling various forms of progressive 
glomerulonephritis in man. Deposition of 
immune complexes is also influenced by the 
nature of the antigen and quality of the anti- 
body. Unless there is gross antigen excess, pre- 
cipitating antibody forms large insoluble com- 
plexes which, as stated above, are rapidly pha- 
gocytosed and cause little or no injury, so that 
antigen excess is necessary for formation of 
smaller, pathogenic complexes. Antibodies 
which can only react with very few determinant 
sites on the antigen molecule and have poor 
avidity (p. 107) also form soluble complexes, 
even when present in relative excess. Accord- 
ingly, some antigen-antibody complexes can 
produce lesions even when there is a relative 
excess of antibody in the blood. 

Circulating immune-complex disease in man 
results from injection of heterologous immuno- 
globulin (now an uncommon cause) and ad- 
ministration of potentially haptenic drugs. It 
also occurs naturally in systemic lupus ery- 
thematosus, in which auto-immune complexes 
are formed, and in various infections. The for- 
mation of immune complexes in the blood may 
produce both a general reaction, and lesions in 
the glomeruli and elsewhere resulting from 
complex deposition in the walls of blood vessels. 

The acute generalised reaction. In its extreme 
form, for example when a large amount of 
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foreign protein is injected into an individual 
with a high titre of the corresponding antibody 
in the plasma, the rapid formation of high con- 
centrations of immune complexes in the plasma 
may induce a rapid collapse: this is attributable 
to intense activation of complement, release of 
polymorph lysosomal enzymes, etc., and acti- 
vation of the kinin, clotting and plasmin sys- 
tems. The clinical features are similar to those 
of anaphylactic shock (p. 146). When a foreign 
protein is injected for the first time, classical 
serum sickness develops 7-10 days later, when 
production of antibody results in the formation 
of immune complexes in the plasma. It is a 
short febrile illness characterised by intense 
itching of the skin and urticaria, swelling of 
peripheral joints, and enlargement of lymph 
nodes. Histamine antagonists bring partial 
relief. Examination of the serum reveals abnor- 
mally low levels of complement components 
and the presence of products of complement 
activation. Immune complexes are also de- 
monstrable, although the available techniques 
are not entirely satisfactory. The polymorph 
count is at first low, but later raised. After re- 
covery, free antibody appears in the serum. 
These features indicate that immune complexes 
form in the blood, activate complement, and 
trigger off the release of vaso-active agents, in- 
cluding histamine. Phagocytosis of circulating 
complexes probably results in degeneration and 
disappearance of most of the polymorphs, and 
also in the release of endogeneous pyrogen and 
thus the development of fever (p. 189). 

The mechanism of release of histamine, etc. in- 
volves the anaphylatoxins of complement, release of 
polymorph lysosomes, activation of Hageman factor 
and production of kinins. It may also be that, as in 
the rabbit, basophil polymorphs or mast cells sen- 
sitised with IgE antibody are involved. This possi- 
bility is supported by the frequency of bronchospasm 
suggestive of atopy, and by the occasional severe cir- 
culatory collapse as in generalised anaphylaxis. 

The typical attack of serum sickness which 
followed injection of crude antisera is now un- 
common, but similar reactions can follow 
administration of drugs which can confer anti- 
genicity to plasma proteins, and the severe 
form of dengue fever is due largely to circulat- 
ing virus antigen-antibody complexes. In spiro- 
chaetal infections, including syphilis, and in 
lepromatous leprosy and some other chronic 
bacterial infections, the first dose of treatment 



1 56 Immunopathology 

by an effective drug may kill very large num- 
bers of micro-organisms and so release micro- 
bial antigen, which, depending on the level of 
circulating antibody and the amount of antigen 
released, either forms complexes in the blood 
or induces local Arthus reactions in the lesions. 
The features of the reaction {the Jarisch- 
Herxheimer reaction) suggest that both pheno- 
mena may occur. 

Immune-complex deposition is an important 
cause of glomerulonephritis in man. The typical 
acute glomerulonephritis following a strep- 
tococcal throat infection resembles that of 
acute serum sickness in the rabbit. It develops 
when antibody to streptococcal antigen enters 
the blood and immune complexes are formed 
and deposited in the glomerular capillaries. 
Other infections and drug hypersensitivities can 
have the same effect, and more chronic glomer- 
ular injury occurs from prolonged or intermit- 
tent immune-complex formation in quartan 
malaria, lepromatous leprosy and some other 
chronic infections. In systemic lupus ery- 
thematosus, auto-antibodies develop which 
react with various cellular constituents, e.g. 
DNA, and complexes formed in the blood are 
deposited in small vessels in the skin, glomeruli 
and elsewhere. In most types of human 
immune-complex glomerulonephritis, however, 
the nature of the antigen is unknown: the vari- 
ous patterns of disease depend partly on the 
size of the circulating complexes and the dura- 
tion and rate of their deposition, and there is 
also evidence that antigen may be deposited in 
the glomerular capillary walls, followed by the 
binding of circulating antibody to form com- 
plexes. 

Arterial lesions due to complex deposition 
are less common in man, and their nature is 
usually difficult to prove because, as in the 
rabbit, the immune complexes are phagocy- 
tosed rapidly by polymorphs. Nevertheless, the 
focal lesions of polyarteritis nodosa and some 
other forms of arteritis appear to be of this 
nature, and surface antigen of the hepatitis B 
virus has been implicated in some cases. 

In many patients with immune complex dis- 
ease, IgM antibodies develop which are capable 
of reacting with IgG. These ‘rheumatoid factors* 
react most .avidly with the IgG in immune com- 
ptejies* and may cause circulatory disturbances 
by 'increasing the viscosity of toe bipod, or ag- 
toe injury caused by deposited immune 
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complexes. The IgM-IgG complexes often pre- 
cipitate in cooled serum, and are then termed 
cryoglobulins. 

The lesions produced by immune complex 
deposition in the kidneys and elsewhere are 
described in more detail in the appropriate 
chapters. 

Delayed hypersensitivity (DHS or 
type 4) reactions 

Antibody production and cell-mediated im- 
munity are both parts of the normal immune 
response to most antigens. The union of anti- 
bodies with antigens can result in the hyper- 
sensitivity reactions described above. Delayed 
hypersensitivity (DHS) does not involve anti- 
body, but is mediated by the specifically-primed 
T lymphocytes produced in the cell-mediated 
immune response. By means of their specific 
surface receptors, these cells can bind to the 
antigen which has stimulated their production, 
and this results in tissue injury characterised by 
a slowly developing inflammatory reaction — 
hence delayed hypersensitivity. 

The reaction of primed T lymphocytes with 
microbial antigens is an essential defence mech- 
anism against many pathogenic bacteria, 
viruses and fungi, etc.: the DHS reaction pro- 
motes their destruction, and the accompanying 
tissue injury is the price which must be paid for 
this protection. Cell-mediated immunity to 
tumour-cell antigens is known to develop in 
some cancer patients, and is being intensively 
investigated in the hope that it may be utilised 
for the effective destruction of tumours by 
DHS reactions. 

Cell-mediated immunity develops also 
against harmless foreign antigens, body consti- 
tuents modified by foreign haptens, against 
transplanted allogeneic cells or tissues, and 
sometimes even against the individual’s own 
apparently normal tissue cells. In these cir- 
cumstances, unwanted DHS reactions occur, 
resulting respectively in contact dermatitis, re- 
jection of transplants, and auto-immune dis- 
ease. 

Morphological features 

The DHS reaction can occur in any part of the 
body where primed T lymphocytes encounter 
toe corresponding antigen. Its induction in the 



skin is used as a test for cell-mediated im- 
munity to various antigens, the classical ex- 
ample being the tuberculin reaction in which a 
small amount of tuberculoprotein (‘purified 
protein derivative’ or PPD) is applied to the 
skin or injected intradermally as in the Man- 
toux test. This has no effect in non-immune 
individuals, but in subjects who have developed 
cell-mediated immunity to tuberculoprotein as 
a result of tuberculosis or immunisation with 
BCG (attenuated Mycobacterium bovis ) the 
typical delayed inflammatory reaction appears 
in 12-24 hours and persists for 48 hours or 
more. The skin becomes reddened and a firm 
central nodule appears. In a highly sensitised 
individual, necrosis and ulceration may follow. 

Microscopically, the major features are mic- 
rovascular congestion, accumulation of lym- 
phocytes in and around the small vessels, and 
swelling of the collagen, apparently due to in- 
flammatory oedema. At the height of the reac- 
tion there is intense infiltration with lym- 
phocytes and occasional macrophages, both in 
and around the capillaries and venules, par- 
ticularly round the sweat glands and hair fol- 
licles (Fig. 6.8). These are the features of the 
DHS reaction to a soluble protein in man. In 
animals, accumulation of polymorphs and 
macrophages, in addition to lymphocytes, is 
much more prominent. The morphological feat- 
ures of DHS reactions in infections are com- 
plicated by the injuries inflicted directly by the 
micro-organisms or their toxins and by other 
types of hypersensitivity reactions. A glance at 
the microscopic appearances of various inflam- 
matory lesions in which DHS is a prominent 
feature will show considerable differences (e.g. 
tuberculosis, p. 209; tuberculoid leprosy, p. 
215; typhoid fever, p. 10, and contact der- 
matitis, p. 161). In general, infiltration with 
macrophages, lymphocytes and lymphoblasts is 
prominent. The macrophages may also change 
to epithelioid cells, fuse to form giant cells and 
undergo necrosis. 

The mechanism of DHS reactions 

DHS reactions occur when specifically-primed 
T lymphocytes (memory T lymphocytes) en- 
counter antigen with which they can react. To 
encounter antigen in the tissues, specifically 
responsive T lymphocytes must leave the blood 
in the vicinity of the antigen, and the factors 
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involved in such emigration are largely un- 
known. 

Circulating T lymphocytes are known to wander 
through many tissues (p. 121), and there is also evi- 
dence that specifically-primed lymphocytes respond 
chemotactically to the corresponding antigen (Wilk- 
inson et al., 1977), but it is not known whether they 
are T and/or B cells, nor whether they respond 
chemotactically in vivo. In animal experiments involv- 
ing passive transfer of radio-labelled lymphocytes, it 
has been shown that the lymphocytes which aggregate 
at the site of a delayed hypersensitivity reaction are 
recently-divided cells and pre-mitotic immunoblasts. 
In these experiments it was also shown that only a 
small proportion of the cells accumulating at the test 
site were specifically primed to the antigen. It still 
remains undecided whether specifically-primed T 
lymphocytes are attracted preferentially to the anti- 
gen site, and by release of lymphokines (see below) 
attract other lymphocytes, or whether any recently- 
divided or stimulated lymphocytes are attracted to 
the site of injection of any antigen or other, non- 
specific tissue injury. 

Having encountered and bound antigen by 
means of its surface receptor, the specifically 
primed T lymphocyte is stimulated to enlarge 
and synthesise DNA, transforming into an 
immunoblast: it also secretes a number of sol- 
uble compounds known as lymphokines, which 
are described below. When the antigen is a sur- 
face component of a living cell, the T lym- 
phocyte may bind to and kill the target cell: 
such direct cytotoxicity is of importance in the 
rejection of allografts (p. 166) and killing of 
virus-infected cells (p. 195) and tumour cells (p. 
315), and probably plays a major pathogenic 
role in the organ-specific auto-immune diseases 
(p. 162). 

There has been much discussion on the rela- 
tionship between various functional types of T 
cells — memory cells, helper and suppressor 
cells, cytotoxic cells and lymphokine secretors. 
Until their inter-relationship becomes clearer, 
it is reasonable to adopt the view, as a working 
hypothesis, that T memory cells can develop 
any of these functions. 

Lymphokines. As noted above, memory T 
lymphocytes react with the corresponding anti- 
gen and secrete soluble compounds termed 
lymphokines. The reaction may conveniently 
be elicited by adding antigen to a suspension of 
lymphocytes and the supemate examined for 
lymphokines by a combination of in-vitro and 
in-vivo tests. By such means, the following pro- 
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Fig. 6.8 Positive a and negative b Mantoux tests. 
Note the heavy cellular infiltrate around the sweat 
glands and pilo-sebaceous units in a. This distribu- 
tion is determined by the vascularity of the skin ap- 
pendages. x 43. At higher magnification c, the in- 
filtrating cells are seen to be mostly lymphocytes, 
which are aggregated around the small blood vessels, 
x 470. (The late Dr. Janet Niven.) 
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perties of lymphokines have been de- 
monstrated. 

1 . Induction of acute inflammation. Intra- 
dermal injection demonstrates a factor which 
induces congestion of small blood vessels and 
inflammatory oedema. This could account for 
these features in the DHS reaction. 

2. Effects on mononuclear phagocytes. These 
are complex, but there is evidence for the fol- 
lowing. 

(a) A chemotactic factor. This induces chem- 
otaxis of monocytes or macrophages in vitro 
and emigration of monocytes in vivo: it may 
account for accumulation of macrophages in 
DHS reactions. 

(b) A macrophage immobilising factor, de- 
monstrable by its inhibitory effect on the mi- 
gration of macrophages, e.g. from the open end 
of a horizontal capillary tube. When the tube is 
immersed in tissue culture fluid, addition of 
this factor to the fluid inhibits migration. It 
may also play a role in the accumulation of 
macrophages in DHS reactions. 

(c) A macrophage activating factor , which 
increases the metabolic activity of macrophages 
and enhances their mobility and capacity to 
phagocytose and kill micro-organisms. This 
microbicidal effect has been demonstrated in 
vitro and in vivo. 

(d) A specific macrophage-arming factor 
(SMAF) has been demonstrated in experi- 
mentally-induced cell-mediated immunity to 
tumour cells. The DHS reaction between 
primed T cells and tumour cells releases a 
factor which confers on macrophages enhanced 
killing properties specific for the tumour cells. 
This factor differs from (c) above in that it is 
antigen-specific. 

3. Other factors. Another factor released 
when primed T cells react with antigen is cyto- 
toxic for tissue cells, and may contribute to the 
necrosis commonly seen in DHS reactions. This 
is distinct from the antigen-specific killing of 
target cells by T lymphocytes mentioned above, 
which requires close contact. 

Other lymphokines are chemotactic for lym- 
phocytes and induce mitosis of lymphocytes: 
these properties may explain why so many of 
the lymphocytes in DHS reactions are not spe- 
cifically primed to react with the antigen which 
has induced the reaction (see above). 
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Elucidation of these important factors is still 
at an early stage. Their importance as mediators 
of the changes seen in DHS reactions is sug- 
gested by their detection not only in reactions in 
test tubes, but also in extracts of DHS reaction 
sites. 

Man and other primates show, in general, 
much stronger cell-mediated immune responses 
and DHS reactions than do lower animals. It is 
therefore unwise to assume that the findings for 
guinea-pigs, etc., are applicable to man. Law- 
rence’s transfer factor (p. 131) may be important 
in cellular immunity and DHS reactions in 
man, in whom it is far more readily demon- 
strable, and has a much more lasting effect, 
than any counterpart in guinea-pigs, etc. 

Until recently, it was widely assumed that 
the presence of lymphocytes in a hypersen- 
sitivity reaction was a good indication of a 
DHS component, but B lymphocytes can and 
do migrate into sites of antigen (hence the pre- 
sence of plasma cells in many infections): also it 
is now known that so-called K cells (p. 152), 
which have the appearances of small lym- 
phocytes, may bind by surface Fc receptors to 
target cells sensitised with IgG class antibody 
and bring about their destruction. The in vivo 
significance of this co-operative cytotoxic effect 
of antibody and K lymphocytes is not yet 
known. The presence of macrophages in hyper- 
sensitivity reactions is not necessarily indicative 
of DHS, for they are attracted also by antigen- 
antibody complexes and by non-antigenic foreign 
and endogenous material (pp. 61-2, 67). 

Systemic effects of DHS reactions 

Although this account has concentrated on 
local DHS reactions, systemic reactions also 
occur. For example, injection of relatively large 
amounts of tuberculoprotein into an individual 
who has developed cell-mediated immunity to 
it results not only in a severe localised DHS 
reaction at the injection site, but also fever, 
malaise and a fall in the level of circulating 
lymphocytes. If the individual has active tuber- 
culosis, the DHS reaction of the lesion is also 
aggravated, with extension of necrosis. These 
effects are known collectively as the Koch phe- 
nomenon after Robert Koch* who first de- 
scribed them. They are probably attributable to 


* The German bacteriologist who, in 1882 , discovered the tubercle bacillus and showed it to be the cause of tuberculosis. 
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the release of lymphokines following the reac- 
tion between tuberculoprotein and specifically 
primed T cells in the blood, lymphoid tissues 
and tuberculous lesions. The fever of the Koch 
phenomenon and of active tuberculosis is prob- 
ably a secondary effect, due to release of endo- 
genous pyrogen (p. 189) by macrophages activ- 
ated by lymphokines. The Koch phenomenon 
is not observed in individuals who have not 
developed cell-mediated immunity to tuber- 
culoprotein. 

Hypersensitivity to drugs and 
chemicals 

Most drugs and chemicals which cause hyper- 
sensitivity reactions do so because they or their 
metabolic products combine with host proteins 
and act as haptens. At first sight, this seems to 
contradict the observation that haptens can 
only stimulate an immune response when com- 
bined with foreign carrier proteins to which the 
recipient develops cell-mediated immunity (p. 
129). The explanation is that the many drugs 
and chemicals which cause hypersensitivity 
reactions not only act as haptens, but alter the 
configuration of the protein molecules with 
which they combine, thus rendering them 
‘foreign’. 

The type of hypersensitivity reaction which 
results will then depend on the nature of the 
immune response, the particular cell or tissue 
constituent with which the hapten has com- 
plexed, the route of administration and dose, 
etc. In individuals with a tendency to atopy, 
reaginic antibodies may develop, and further 
administration of the hapten can then induce a 
type 1 reaction, e.g. asthma or hay fever if the 
hapten is inhaled as a vapour or airborne sus- 
pension, an immediate inflammatory reaction if 
it is applied locally, or a generalised anaphy- 
lactic reaction if a large amount of hapten is 
absorbed by any route. Anaphylactic reactions 
to penicillin and related compounds are not 
uncommon, and have resulted in a number of 
deaths: in most instances the hypersensitivity is 
directed towards the penicilloyl degradation 
product of penicillin. The development of IgG 
class antibody to a haptenic drug or chemical 
can give rise to local reactions of Arthus type 
{type 3) when the hapten is localised to one par- 
ticular area within the tissues, or can lead to 
formation of complexes of hapten and anti- 


body within the plasma, with the risk of cir- 
culating immune-complex disease (p. 155). 

A number of drugs which act as haptens 
stimulate the production of antibodies which, 
although not cytotoxic, can bring about de- 
struction of red cells, leukocytes or platelets. 
For reasons unknown, complexes of these 
drugs with antibody bind to cells of the blood, 
and although such binding is often loose, acti- 
vation of complement by the drug-antibody 
complex results in C5b and subsequent comple- 
ment components building up on the cell sur- 
face to produce the haemolytic C5b-9 complex 
(p. 144), with consequent ‘bystander’ or ‘re- 
active’ cytolysis: the binding of immune com- 
plexes and complement components also pro- 
motes phagocytosis of the cells in the spleen. 
Drugs which form complexes with these effects 
include sulphonamides, phenacetin, chlor- 
promazine and rifampicin, but the list is long 
and differs for red cells, leukocytes and plate- 
lets. 

Thirdly, binding of a haptenic drug or drug 
metabolite to red cells, leukocytes or platelets 
may render the cells susceptible to injury by 
antibody to the drug ( cytotoxic ( type 2) anti- 
body reaction — p. 150). It is not known whether 
tissue cells are injured in this way. 

Lastly, cell-mediated immunity may develop 
towards the hapten-protein complex, and, as 
described above, subsequent absorption of the 
haptenic compound gives rise to a delayed 
hypersensitivity ( type 4) reaction. This is seen in 
contact dermatitis in which relatively simple 
chemicals behave as haptens: they are absorbed 
into the body, often through the skin, and com- 
bine with tissue proteins. Cell-mediated im- 
munity develops against the modified proteins, 
and subsequent skin contact with the same 
chemical induces a delayed hypersensitivity re- 
action (Fig. 6.9), causing inflammatory lesions 
with cellular infiltration, predominantly lym- 
phocytic, and oedema which affects both the 
dermis and epidermis and progresses to forma- 
tion of vesicles. The substances capable of 
inducing this condition are very numerous, and 
include particularly chemicals which combine 
firmly with proteins, e.g. dyes, chrome salts, 
formalin and various derivatives of benzene. 
Reactions which appear to be of this type occur 
commonly in women in relation to nickel fas- 
teners on underclothes, some of the nickel 
bang dissolved by add sweat and absorbed 
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Fig. 6.9 Contact dermatitis. Note oedema of epi- 
dermis and perivascular infiltration of lymphocytes 
in the dermis. The patient had developed hypersen- 
sitivity to chromium salts used as a hardener in 
cement, x 1 10. 

presumably as nickel salts which can combine 
with skin proteins. Contact with some plants, 
e.g. poison ivy and primulas is another 
common cause, and cases also occur from the 
use of hair dyes, such as paraphenylene dia- 
mine, which, of course, bind firmly to keratin. 
Contact dermatitis results also from applica- 
tion of various medicaments to the skin. It is 
noteworthy that any individual can be sen- 
sitised to various chemicals, and contact der- 
matitis can thus be induced, but nevertheless 
some people appear to develop it more readily 
than others. This is seen in the use of various 
adhesive surgical dressings which usually pro- 
duce no reaction but in some instances lead to 
contact dermatitis, and a similar effect may 
result from wearing rubber face masks. 

It is important to appreciate that the above 
account is an oversimplification. In many in- 
stances, hypersensitivity to drugs or chemicals is 
extremely cG^nplex and the clinical features 
often conflict with the results of the various 
available tests for hypersensitivity. With the 
ever-increasing number of chemicals used thera- 
peutically and in industry, it is not surprising 
that hypersensitivity reactions, particularly 
those manifested in the skin and mucous mem- 
branes, are becoming increasingly common. 
Apart from the possession of highly reactive 


groups by which they can bind to proteins, it is 
not yet known what properties of a substance are 
related to the likelihood of its stimulating the 
development of hypersensitivity. Individuals 
predisposed to atopy and patients with systemic 
lupus erythematosus are prone to develop drug 
hypersensitivities, but, apart from this, predis- 
position to drug reaction is quite unpredictable. 

Auto-immunity and auto-immune 
diseases 

Some confusion exists over the definitions of 
auto-antibodies and auto-immune diseases. 
Auto-antibodies may be defined as antibodies 
which react with the individual’s own normal 
body constituents (which may accordingly be 
termed auto-antigens). This definition excludes 
antibodies which react only with body constitu- 
ents which have been altered, for example by a 
haptenic drug, and so have become ‘foreign’ to 
the individual (see above). The definition does 
not, however, assume that normal body con- 
stituents have necessarily stimulated the produc- 
tion of the auto-antibodies. For example Strep- 
tococcus pyogenes possesses antigens similar to 
constituents of human myocardium and a 
streptococcal pharyngitis can induce antibodies 
which react with normal myocardium (p. 415): 
these qualify as auto-antibodies. Within this 
definition, auto-antibodies to several cell pro- 
ducts or constituents are quite commonly present 
in the serum of individuals both with and without 
clinical evidence of disease : they include, for 
example, antibodies to thyroglobulin, to thy- 
roid epithelial cells, to gastric parietal cells and 
to the deoxyribonucleoprotein of cell nuclei. 
These antibodies all react in vitro with the indi- 
vidual’s own body constituents and with those 
obtained from others, so that they are accept- 
able as true auto-antibodies. 

Although auto-immunisation occurs without 
clinical disease, it is strongly associated with a 
number of diseases. For example, most ap- 
parently normal individuals with thyroid auto- 
antibodies have been shown to have sub-clini- 
cal chronic thyroiditis, and patients with more 
severe, clinically apparent chronic thyroiditis 
usually have high titres of thyroid antibodies. 
Similarly, high titres of antibodies to deoxy- 
ribonucleoprotein occur especially in patients 
with the connective tissue diseases, and par- 
ticularly in systemic lupus erythematosus. 
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Cell-mediated auto-immunity has also been 
demonstrated by in vitro tests in some diseases. 
For example thyroid auto-antigens inhibit the 
migration of leukocytes (p. 113) of patients 
with chronic thyroiditis. 

It is thus apparent that, in some diseases, 
there is evidence of auto-immunisation against 
particular body constituents. These are the so- 
called auto-immune diseases. In most, there is 
still a lingering doubt that the lesions are due to 
immunological reactions against the target 
auto-antigens; in some instances this prob- 
ability is supported by production of similar 
lesions by auto-immunisation of animals, or 
by investigations on naturally-occurring auto- 
immune diseases in inbred strains of animals. 

There are also a number of examples in 
which auto-antibodies develop as a result of 
tissue injury and appear to be without path- 
ogenic effect, an example being auto-antibodies 
to myocardial cells which frequently develop 
following ischaemic necrosis of the myocar- 
dium; presumably antigen is released by the 
dead muscle cells and stimulates an immune 
response. 

Auto-immune diseases may be classified into: 
(1) a group of organ-specific diseases affect- 
ing glandular tissues; (2) systemic lupus ery- 
thematosus and possibly the other connective 
tissue diseases; and (3) a number of miscell- 
aneous diseases which do not fit readily into 
either of the above classes. 

The organ-specific auto-immune diseases 

These are characterised by chronic in- 
flammatory destruction of a particular glan- 
dular tissue accompanied by the presence in the 
plasma of auto-antibodies which react specifi- 
cally with normal cellular components of the 
target tissue. The tissues affected include the 
thyroid, gastric mucosa, adrenal cortex, para- 
thyroid glands and cells of the pancreatic islets 
of Langerhans. The main features are ex- 
emplified by chronic auto-immune thyroiditis, in 
which infiltration of the thyroid gland by lym- 
phocytes, plasma cells and macrophages is 
accompanied by glandular epithelial destruc- 
tion and fibrosis. These changes may be focal 
and are then sub-clinical and usually non-pro- 
gressive, or they may be diffuse, giving rise to 
either thyroid enlargement, sometimes with 
hypofunction (j Hashmoto ’$ thyroiditis }„ or de- 


struction and shrinkage of the gland with gross 
hypofunction (primary myxoedema). Auto- 
antibodies to normal thyroid constituents are 
detectable in the serum in virtually all cases of 
Hashimoto’s thyroiditis, and in most cases of 
primary myxoedema and sub-clinical thy- 
roiditis. They include antibodies reactive with: 
(1) thyroglobulin, often in sufficient concentra- 
tion to give a precipitin reaction (Fig. 5.7, p. 
110); (2) a second constituent of thyroid col- 
loid; and (3) cell membrane constituents (‘mic- 
rosomes’) of thyroid epithelium — the so-called 
thyroid microsomal antibody (Fig. 5.11, p. 
112). Chronic thyroiditis occurs much more 
often in women than in men, and the incidence 
increases with age. Over 10 per cent of middle- 
aged or elderly women have one or more thy- 
roid antibodies and some degree of chronic 
thyroiditis. There is a general correlation be- 
tween the presence and titres of the serum anti- 
bodies and the extensiveness and activity of the 
thyroiditis, but the correlation is by no means 
exact for any one antibody or any combination 
of antibodies. 

As mentioned earlier, a fourth thyroid anti- 
body, which reacts with the TSH receptors of 
thyroid epithelial cells, is responsible for the 
hyperthyroidism of Graves’ disease which is 
usually accompanied by focal auto-immune 
thyroiditis. 

Chronic auto-immune gastritis, affecting the 
acid-secreting mucosa of the gastric fundus, has 
many points of resemblance to chronic thy- 
roiditis. It affects women more often than men, 
and the incidence increases with age. In most 
cases, the serum contains ‘microsomal’ anti- 
body to gastric parietal cells and, in a minority 
of cases, antibodies to the intrinsic factor es- 
sential to absorption of vitamin B 12 . The 
affected mucosa is infiltrated with lymphocytes, 
plasma cells and macrophages, and all grades 
of destruction of chief and parietal cells are 
observed. In most cases, the gastritis is mild 
and sub-clinical, and progresses very slowly, 
but in some cases it progresses more rapidly to 
diffuse atrophy of the mucosa (like the thyroid 
in primary myxoedema) and parietal cell de- 
ficiency then results in achlorhydria and lack of 
intrinsic factor, the latter leading in some cases 
to Bi 2 deficiency and pernicious anaemia. 

Auto-immune adreualitis is a much less 
common condition; it is, however, the major 
cause of adrenal cortical atrophy and func- 



tional deficiency (Addison’s disease). The 
serum commonly contains ‘microsomal’ auto- 
antibody to a cell-membrane constituent of 
adrenocortical epithelium. Primary hypopara- 
thyroidism is rare: specific auto-antibodies are 
demonstrable in the serum in some cases, and 
the parathyroid glands are shrunken and ex- 
tremely difficult to find at necropsy. 

In addition to their morphological and sero- 
logical similarities, each of these diseases 
tends to have a high familial incidence, and 
moreover the diseases tend to occur in associa- 
tion, both within affected families and in indi- 
viduals. For example, patients with Hash- 
imoto’s thyroiditis have a high incidence of 
gastric antibody and a particular tendency to 
develop pernicious anaemia, while thyroid and 
gastric antibodies, sometimes associated with 
the corresponding clinical diseases, are unduly 
common in patients with auto-immune Addi- 
son’s disease or primary hypoparathyroidism: 
even these two latter rare diseases have been 
found to be particularly associated with one 
another. 

Insulin-dependent (type I) diabetes differs 
from the other organ-specific auto-immune dis- 
eases in affecting children and young adults, 
and there is recent evidence suggesting that it 
may be initiated by a viral infection. Auto-anti- 
bodies to cells of the islets of Langerhans are 
detectable in the serum in nearly all early cases. 
The islets at first show lymphocytic infiltra- 
tion and later become atrophic. 

Pathogenesis and aetiology. It has not been 
proved that these diseases are the result of 
auto-hypersensitivity reactions, an alternative 
explanation being that the glandular destruc- 
tion is due to some other (unknown) agent, and 
that auto-antibodies develop as a secondary 
phenomenon. In favour of an auto-immune 
pathogenesis, auto-antibodies do not, in gen- 
eral, result from destruction of tissue. For ex- 
ample, thyroid injury by large doses of radio- 
iodine or viral thyroiditis does not stimulate the 
production of thyroid antibodies, although if 
antibodies are already present their titres may 
increase: nor does recurrent alcoholic gastritis 
result in gastric antibodies. Secondly, organ- 
specific lesions resembling those of the human 
diseases, but usually reversible, can be induced 
experimentally in animals by injections of hom- 
ogenates of the organ (e.g. thyroid or adrenal) 
incorporated in Freund’s adjuvant. The adju- 
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vant enhances immune responses, partici 1 
those dependent on T lymphocytes (p ar ^ 
passive transfer of lymphocytes and antih ^ 
suggest that cell-mediated immunity j s a 0< ty 
important cause of tissue injury than auto 0101 - 6 
bodies in these experimental conditions Th ~ 
are, however, exceptions, one being the ch - e 
thyroiditis which develops spontaneously ■ ° nic 
inbred obese strain of chickens: it i s a ln an 
panied by thyroid auto-antibodies and is 0ni ' 
severe in chickens rendered deficient in ^, ni0re 
by thymectomy after hatching, but is preve^ 8 
by depriving the birds of B cells by early ? tec * 
sectomy (p. 118). The same results apply * bllr ~ 
ficially-induced auto-immune thyroiditis^ 1 ' 
ordinary chickens. 
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In the human diseases, the respective ro i 
auto-antibodies and cell-mediated immunit S ■ 
the organ-specific auto-immune diseases ^ 1 
not known. It is noteworthy that in the + are 
examples of diseases in which the functio W ° 
tissue cells are known to be affected by a 
antibodies (thyrotoxicosis and myasth • 
gravis — p. 152), the antigen is a receptor Cma 


jecting from the surface of the target cell -55°' 
roid microsomal antibody has been shown • 
the presence of complement, to be cytotoxic V* 1 * 
thyroid epithelial cells in culture, but only if r 
cells are first treated with trypsin, and it 
be that such treatment is necessary to ext> ^ 
the cell membrane auto-antigen. There is 0Se 
evidence of thyroid injury in the infants n< f 
mothers with Hashimoto’s thyroiditis althou °k 
in some cases high concentrations of thy r 
antibodies of IgG class are transferred to th 
fetal circulation. ae 

It is difficult, in man, to investigate the p a tk 
ogenic role of cell-mediated auto-immunity f 
while macrophage migration inhibition tests r° r 
159) suggest that this develops, the eviden ' 
is not conclusive, and in any case does not ‘ C& 
dicate that it causes tissue destruction. ~p^~ 
lesions are typically infiltrated with lymphocvt C 
which suggests a delayed hypersensitivity rea s ’ 
tion, but could also represent an antibod 0 ' 
dependent (type 2) cytotoxic reaction (p 
Also, there are usually some, and often m an ' 
plasma cells in the lesions, and locally Dl / ’ 
duced antibody might have a cytotoxic eff e °t~ 
In spite of the rather flimsy nature of the ev - 
dence, there is a fairly general belief that th" 
lesions of these diseases are mediated largely b° 
delayed hypersensitivity reactions. ^ 
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The familial incidence of the organ-specific auto- 
immune diseases suggests a genetic predisposing 
factor, and this is supported by the greater concord- 
ance in monozygotic than in dizygotic twins (i.e. if 
one twin has the disease, the other is more likely to 
develop it if they are monozygotic). The studies on 
twins indicate that there must also be environmental 
predisposing factors, and these have been the subject 
of speculation, but with little advance. One thyroid 
auto-antigen, thyroglobulin, is normally present in 
low concentration in the plasma, and appears to 
induce ‘low-dosage’ tolerance of T cells (p. 1 33): po- 
tentially responsive B cells have been demonstrated 
in normal individuals, but probably they require T- 
cell co-operation to produce antibody. If this applies 
to the other auto-antigens in these diseases, then 
breakdown of T-cell tolerance must be necessary for 
cell-mediated auto-immunity and auto-antibody 
production. It has been suggested that T-cell toler- 
ance might be broken by modification of cell con- 
stituents by drugs, by microbial products, or by dis- 
orders of metabolism, but so far there is no evidence 
for any of these possibilities in the organ-specific 
auto-immune diseases. Another possibility is the de- 
fective functioning of suppressor T cells (pp. 130, 
134). 


The connective tissue diseases 

Systemic lupus erythematosus. This is one of 
the so-called connective tissue diseases. It is 
characterised by acute and chronic in- 
flammatory lesions in many organs and tissues, 
and by the occurrence in the plasma of various 
auto-antibodies, most of which react with 
normal constituents common to most types of 
cell in the body. The sites of lesions include the 
skin, muscles, joints, glomeruli, heart and 
blood vessels, but the distribution varies greatly 
and may be even wider. Auto-antibody to de- 
oxyribonucleoprotein is nearly always demon- 
strable in the serum by immuno-fluorescence 
tests (Fig. 6.10), and antibodies to DNA, RNA 
and various cytoplasmic cellular constituents 
are commonly present. There may also be cyto- 
toxic auto-antibodies to red cells, platelets and 
leukocytes and antibodies to clotting factors 
in the plasma. 

The auto-antibodies to nuclear and cyto- 
plasmic constituents are not cytotoxic, and 
many of them occur in other diseases and, 
usually in low litre, in some normal subjects. 
The corresponding auto-antigens may, how- 
ever, be released by breakdown of ceils, and 
immune-complex (type 3) reactions can then 



Fig. 6.10 Antibody to dcoxyribonucleoprotein 
demonstrated by the immunofluorescence technique. 
Note the diffuse nuclear fluorescence, x 775. (Profes- 
sor J. Swanson Beck.) 

result. In fact, most of the pathological features 
of SLE can be explained on the basis of deposi- 
tion of circulating immune complexes in the 
walls of small blood vessels. Disease activity 
correlates fairly closely with the concentration 
of anti-DNA in the plasma (measured by DNA 
binding capacity of the serum) and low levels 
of serum complement. The glomerular lesions 
(p. 813) are due to deposition of immune com- 
plexes in the glomerular capillary basement 
membrane and subsequent complement fixa- 
tion, and this process is responsible also for at 
least some of the lesions in the skin and else- 
where. Auto-antibodies to native (double- 
stranded) DNA are virtually specific for SLE 
and their complexes with DNA contribute sig- 
nificantly to the renal lesions. Antibodies to 
denatured (single-stranded) DNA occur also in 
other diseases and do not correlate so closely 
with disease activity. 

The familial occurrence of SLE, and of the 
various auto-antibodies associated with SLE, 
raises the possibility of genetic factors, and the 
spontaneous development of a very similar dis- 
ease in the FI hybrid of the NZB and NZW 
inbred strains of mice developed in New Zea- 
land by Bielchowsky, provides a genetically- 
determined model. 


There is also circumstantial evidence that a virus 
infection may be involved in SLE. Virus-like par- 
ticles have been observed in the renal lesions, and 
are regularly discernible in the tissues of NZ mice. 
When maintained in tissue culture, lymphoid cells 
from these mice release C type RNA virus particles 
which in vivo stimulate the development of anti- 
bodies reactive with host DNA and RNA. It is pos- 
sible that this virus, which is responsible for lymphoid 
neoplasia in mice, modifies the lymphoid cells in 
some way which predisposes them to auto-immune 
responses. There is also evidence that the SLE-like 
disease of NZ hybrid mice is related to thymic de- 
ficiency: ‘thymic hormone’ levels (p. 118) fall at a 
relatively early age in these mice (and are low in 
patients with SLE), and the disease in mice is ac- 
celerated by neonatal thymectomy and inhibited by 
injection of thymocytes from young mice. These 
observations, and the demonstration that animals 
rendered immunologically tolerant to an antigen de- 
velop suppressor T cells which are capable, on trans- 
fer to a normal animal, of inhibiting the immune re- 
sponse to that antigen (p. 134), raise the possibility 
that auto-immune responses are normally inhibited 
by suppressor T cells, and that auto-immune diseases 
arise particularly in individuals with T-cell defici- 
ences. In SLE, which occurs most commonly in 
women of reproductive age, serum antibody levels to 
some viruses are unusually high, and cell-mediated 
immune responses are impaired, suggesting that sup- 
pressor T-cell function may be deficient. It is there- 
fore of considerable interest that antibody cytotoxic 
for a subset of T lymphocytes has been de- 
monstrated in the serum of patients with SLE and 
occurs also in their close household contacts, includ- 
ing spouses (suggesting a causal viral infection?). 
The possibility that this auto-antibody destroys sup- 
pressor T cells could explain the large numbers of 
auto-antibody responses observed in this disease. 
Antibody claimed to be cytotoxic for suppressor T 
cells has also been detected in NZ mice. 

Rheumatoid arthritis (RA). Because of its 
high incidence and disabling effects, this is the 
most important of the connective tissue dis- 
eases. The main feature is a destructive poly- 
arthritis, in which the synovial membrane is 
infiltrated with lymphocytes, macrophages and 
plasma cells. Immune complexes and activated 
complement components are present in the 
synovial fluid and are deposited in the synovial 
membrane. In most cases, the serum contains 
rheumatoid factors: these are immunoglobulins 
(usually IgM) which behave as antibodies to 
auto-antigenic components of IgG. Rheumat- 
oid factors react only weakly with native IgG, 
but strongly with IgG which has been heat- 
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denatured, and with IgG antibody coupled with 
the corresponding antigen. Experimental evi- 
dence suggests that rheumatoid factors develop 
when IgG antibody forms immune complexes: 
binding with antigen alters the IgG molecule 
and renders it auto-antigenic. 

The aetiology and pathogenesis of RA are 
discussed on p. 939. It appears that in- 
flammatory changes are brought about as a 
result of activation of complement by antigen- 
antibody complexes. Initially such complexes 
might be provided by antibody reacting with a 
postulated infective agent. Subsequently, com- 
plexes are formed by IgG rheumatoid factor 
which reacts with its own Fc component (Fig. 
23.70, p. 939). RA may thus be an Arthus (type 
3) reaction, but there are other possibilities, 
including a delayed hypersensitivity (type 4) 
reaction between specifically primed T lympho- 
cytes and synovial lining cells. 

Polyarthritis is not uncommon in SLE, but is 
seldom so severe or destructive as rheumatoid 
arthritis. This and other associations do not 
indicate an auto-immune pathogenesis for 
rheumatoid arthritis, but merely suggest that 
common genetic and possibly environmental 
factors predispose to both conditions. 

The other connective tissue diseases are dealt 
with in the relevant systematic chapters. Apart 
from the variable occurrence of anti-nuclear 
and other auto-antibodies, there is little evi- 
dence to suggest an auto-immune pathogenesis. 

Other auto-immune diseases 

Auto-immune destruction of red cells, leu- 
kocytes and platelets by cytotoxic antibodies 
(p. 150) may occur in isolation, or in associa- 
tion with systemic lupus erythematosus. The 
pathogenic effects of auto-antibodies in Graves’ 
disease and myasthenia gravis have already 
been mentioned (p. 163). 

Other diseases in which auto-immunity may 
be significant include ulcerative colitis, in which 
the intestinal epithelium may be the target cell 
of an auto-immune response and some types of 
chronic liver disease, notably primary biliary cirr- 
hosis and virus-negative chronic active hepatitis, 
in which there is evidence of auto-immunity to 
components of bile-duct epithelium and hepato- 
cytes respectively. Various other diseases could 
be mentioned, but as the list lengthens, the evi- 
dence becomes progressively weaker. 
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Rejection of transplanted tissues 

The treatment of burns by skin grafting is a 
well-established procedure. The epidermis of 
autologous grafts extends to cover the denuded 
area and survives indefinitely, while allogeneic 
grafts become established, but invariably 
undergo necrosis within two or three weeks. 
Evidence that this rejection process is mediated 
by an immunological reaction on the part of 
the host was first provided by Gibson and 
Medawar in 1943. In a series of important ex- 
periments, Medawar and his colleagues went 
on to lay the foundations of transplant im- 
munology. They showed that skin grafts be- 
tween syngeneic* mice were accepted perma- 
nently, while allogeneic grafts stimulated an 
immune response in the host and were conse- 
quently destroyed (‘rejected’) 1-3 weeks after 
grafting. They also showed that mice injected 
at birth with allogeneic cells would subse- 
quently accept permanently a skin graft from 
the same donor strain and that this state of 
unresponsiveness — the first experimental de- 
monstration of acquired immunological toler- 
ance (p. 132)— could be abolished, with con- 
sequent rejection of the skin graft, by injection 
of host-strain lymphocytes from a normal 
mouse or from one that had previously rejected 
a graft from the allogeneic strain. Lymphocytes 
from the latter mouse induced more rapid and 
intense graft rejection, showing that, as a result 
of previously rejecting an allograft, it had de- 
veloped persistent immunity, manifested by the 
reactivity of its lymphoid cells. This early work 
suggested the importance of cell-mediated 
immunity in allograft rejection. It is true that 
antibodies also developed in the recipients of 
allografts, but their injection into tolerant 
animals bearing an appropriate allograft did 
not result in rejection. 

Medawar’s major observations and conclu- 
sions have been confirmed in experiments in- 
volving transplantation of various tissues in 
many vertebrate species. The mechanism of re- 
jection is complex, but in most situations cell- 
mediated immunity plays a major role and the 
graft is destroyed mainly by a delayed hyper- 
sensitivity (type 4) reaction. Specifically- 
p rimed T lymphocytes bind to ‘transplant’ anti- 
gens on the surface of the graft cells (see below) 

* For terminology, seep. 105. 


and bring about their destruction. The mech- 
anism of such cytotoxic activity is not known. 
The specifically-reactive T lymphocytes also 
release lymphokines (p. 157), which activate 
macrophages, and possibly also a specific macro- 
phage-arming factor (SMAF) which enables 
macrophages to bind specifically to the trans- 
plant antigens of the graft cells and destroy 
them. In organs such as the kidney, which are 
transplanted by connecting the major blood 
vessels of the graft to host vessels, injury may 
result also from a cytotoxic antibody (type 2) 
reaction (p. 150). 

Transplant antigens: the HLA system. The 

cells of probably all vertebrates possess numer- 
ous surface iso-antigens, termed transplant 
antigens. In several species, including man, a 
major system of strong antigens, characteristic 
for each species and determined by multiple 
alleles at a complex locus, has been de- 
monstrated. In man, this is the HLA system of 
antigens, so called because the antigens were 
first detected in human leukocytes. Each indivi- 
dual inherits HLA antigens from each parent 


as shown in Fig. 6. 1 1 . 
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Fig. 6.11 The major histocompatibility complex in 
man contains a number of allelic genes, at loci 
close together on the same chromosome (No. 6). The 
diagram shows the mode of inheritance of genes of 
the first two loci, which code respectively for 
one antigen of the HLA-A series (antigens 1, 2, 3, 9, 
10, 11, 28 and 29) and one antigen of the HLA-B 
series (antigens 5, 7, 8, 12, 13, 14, 18 and 27). The 
individual thus inherits a pair of antigens (one from 
each parent) in each series. Because of their close 
linkage, the genes, and so the antigens, are inherited 
in ‘sets], so that siblings with the same antigens in 
one series (e.g. the same HLA-A antigens) are likely 
to have the same antigens in the other series. This is 
shown above for HLA-A and HLA-B antigens, but 
it applies also to the HLA-C and -D antigens, and 
explains why there is a 25 per cent chance that two 
siblings will inherit identical sets of antigens. Trans- 
plantation between such siblings is usually highly 
successful. 



Hypersensitivity reactions 167 


In rats and mice, the major transplant anti- 
gens are the main factors in determining the 
intensity of the iso-immune response, and thus 
of rejection, following transplantation. In 
human renal transplantation, matching has so 
far been limited by the availability of suitable 
antisera and has been restricted largely to 
HLA-A and -B antigens which (together with 
HLA-C antigens) are detectable by means of 
antisera (see below). Another group of HLA 
antigens (the D or LD antigens) determined by 
alleles at a fourth locus were not detected by 
antisera (although these are now becoming 
available) but by the mixed lymphocyte reac- 
tion, in which a mixture of lymphocytes from 
two individuals is incubated and a positive 
reaction is indicated by DNA synthesis and 
‘blast’ cell transformation. Such transformation 
represents a reaction of T lymphocytes induced 
by HLA-D antigens on the B lymphocytes (of 
the other individual). By treating the lym- 
phocytes of one individual with mitomycin 
before mixing, they are rendered unresponsive 
and any reaction then represents the response 
of the T cells of the other individual (the ‘one- 
way’ mixed lymphocyte reaction). As explained 
in Fig. 6.11, the close proximity of all the HLA 
loci on the chromosome 6 ensures that siblings 
who have inherited the same HLA-A and -B 
antigens will also almost always have the same 
C and D antigens, and will thus be closely 
histocompatible. By contrast, it is very difficult 
to find complete HLA identity among unrel- 
ated individuals. 

Because it codes for strong histocompati- 
bility antigens, the HLA region on chromosome 
6 has been termed the major histocompatibility 
complex (MHC). Similar complexes are found 
in mice and other higher vertebrates. In addi- 
tion to the HLA (or in the mouse the H2) 
loci, the MHC contains Ir genes which deter- 
mine the strength of the thymus-dependent 
antibody responses to particular antigens: they 
influence co-operation between T and B cells 
and also degradation of antigen by macro- 
phages. 

Graft versus host reaction. If normal lym- 
phoid cells are injected into an allogeneic host, 
they will be destroyed unless the host is im- 
munologically deficient or tolerant and cannot 
mount a rejection reaction. In these circum- 
stances, the grafted cells may survive and mount 
an immune response against the host, with a 


consequent graft-versus-host (G.v.H.) reaction. 
This occurs when allogeneic lymphocytes from 
an adult mouse are injected into neonates or 
into mice rendered immunodeficient, e.g. by 
thymectomy and x-irradiation, and when an FI 
hybrid mouse is injected with lymphocytes of 
either parental strain. The G.v.H. reaction is 
complex and includes splenomegaly, lymph 
node enlargement, haemolytic anaemia and 
predisposition to infections. When induced in 
the neonate, these changes, together with im- 
pairment of growth, have been termed runt dis- 
ease. In man, G.v.H. disease may result from 
infusion of lymphoid or haemopoietic cells into 
patients with T-cell deficiency, e.g. following 
intensive cytotoxic therapy for leukaemia: it 
presents as anorexia, diarrhoea, dermatitis 
and liver failure. 

Human renal transplantation 

Many thousands of kidneys have been trans- 
planted in the past few years to patients with ir- 
reversible renal failure. The major obstacle is 
immunological rejection of the graft and, 
except for transplants between identical twins, 
it is essential to protect the graft by administra- 
tion of immunosuppressive drugs such as gluco- 
corticoids, azathioprine or actinomycin C. In- 
itially, high dosage is necessary to prevent 
acute rejection, but .the dosage can gradually be 
reduced, in some cases to very low levels, with- 
out rejection occurring. This indicates that the 
host becomes increasingly less responsive to the 
graft antigens. One possible explanation is that 
the continued release of antigens by the graft, 
together with immunosuppression, results in 
specific immunological tolerance. Another is 
that the host develops ‘enhancing’ antibodies 
(p. 134) which protect the graft by suppressing 
the cell-mediated immune response or by com- 
bining with graft antigens and so concealing 
them from specifically responsive T lym- 
phocytes. Administration of iso-antibodies 
reactive with antigens of the grafted tissue has 
been shown to prolong graft survival in an- 
imals, and there is preliminary evidence that 
administration of HLA antibodies may have a 
similar enhancing effect in human renal trans- 
plantation, although such antibodies (pre- 
sumably in larger amounts) can also cause 
immediate rejection (p. 846). 

While on large doses of immunosuppressive 
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drugs, transplant patients are very liable to 
develop infections, both with virulent path- 
ogens and with opportunistic micro-organisms 
such as Cytomegalovirus , Pneumocystis carinii 
and various fungi. 

In spite of these problems, approximately 50 
per cent of the transplants have done well and 
are functioning some years later. 

The pathological features of rejection of 
renal transplants are described on p. 846. 

Tissue typing. At present, tissue typing is 
usually performed by a cytotoxicity test, using 
typing antisera and complement, upon cells of 
the individual to be typed: if the cells possess 
the corresponding iso-antigen, they will be 
killed (Fig. 2.2, p. 10). All tissue cells, leu- 
kocytes and platelets (but not red cells) possess 
HLA antigens, and it is convenient to use 
blood lymphocytes for typing. HLA antisera 
are obtained from recipients of blood transfu- 
sions or previous transplants, or from parous 
women, some of whom have developed anti- 
bodies to HLA antigens of the fetus. By testing 
with a panel of lymphocytes of known HLA 
phenotypes, and suitable absorption to remove 
unwanted antigens, specific HLA antisera can 
be provided. 

There is no doubt that renal allografts have a 
better chance of surviving when the donor and 
recipient are closely matched for HLA anti- 
gens. The effect is greatest in grafting between 
siblings of identical HLA-A and -B antigens 
because, as explained on p. 167, they are also 
very likely to have identical C and D antigens, 
and over 90 per cent of kidneys are functioning 
well one year later. Even with close matching 
between unrelated donors and recipients, the 
figure is only about 60 per cent because identity 
at all four HLA loci is unlikely. Testing for 
histocompatibility of HLA-D antigens 
by the mixed lymphocyte reaction takes 4 
days or so, and is usually impracticable. In 
addition to the HLA antigen, there are loci 
on other chromosomes determining weaker 
transplant antigens, and even grafts between 
HLA-identical siblings will be rejected unless 
the recipient receives immunosuppressive 
therapy. 

For reasons explained on p. 846, it is essential 
to ensure ABO compatibility in human renal 
transplantation, and to test the recipient’s 
serum for cytotoxic antibody to donor 
bells,/'" 


Transplantation of other tissues 

Infusion of haemopoietic cells, which include 
pluripotent stem cells (p. 1 18), is a logical treat- 
ment for infants with congenital deficiency of 
haemopoietic stem cells, for patients with cer- 
tain forms of aplastic anaemia, and for children 
treated for acute leukaemia by cytotoxic drugs 
in doses which destroy their haemopoietic and 
lymphoid cells. The depressed immune re- 
sponsiveness of such patients reduces the risk 
of rejection of the donated cells, but im- 
munocompetent T lymphocytes in the donation 
are very liable to respond to transplant anti- 
gens of the host, causing a fatal grqft-versus- 
host reaction (see above). It is thus essential to 
use as donor an HLA-identical sibling. 

Successful corneal allografting has long been 
practised without immunosuppression of the 
recipient. This is because the cornea is avas- 
cular and therefore a ‘protected site’ in which 
the graft does not induce an immune response 
in the recipient. If, as sometimes happens, 
blood vessels extend into the grafted cornea, 
then rejection occurs. 

In allografts of blood vessels and tendon, the 
cells either die from ischaemia or are destroyed 
by a rejection reaction, but the collagen and 
elastic fibres persist, and are repopulated with 
host cells and vessels: thus the use of stored 
vessel or tendon is equally, if not more effec- 
tive. Similarly, the cells of bone grafts die, but 
the matrix may provide the desired mechanical 
effect (p. 875). The use of cartilage grafts in 
plastic surgery is of considerable interest: both 
the cells and the matrix of allografts may sur- 
vive for long periods without inducing a rejec- 
tion reaction. This is due to the avascular 
nature of cartilage, and to the matrix which 
allows diffusion of nutrients and metabolites 
between graft chondrocytes and host, but acts 
as an ‘immunological barrier’ between them. 

Another exception to the general pheno- 
menon of allograft rejection is provided by 
nature’s allograft, pregnancy. The trophoblast, 
of fetal origin, is bathed in maternal blood, and 
yet it is tolerated for nine months, in spite of 
the presence of incompatible (paternal) trans- 
plant antigens in the fetal cells. There is slight 
depression of maternal immune responsiveness 
during pregnancy, but the mother does not 
develop specific immunological tolerance to the 
fetus. The most likely explanation of failure to 
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reject the fetus appears to be that the cells of 
the syncytiotrophoblast are coated with a layer 
of mucopolysaccharide, which provides an 
‘immunological barrier’. As already mentioned, 


pregnancy commonly results in the develop- 
ment of maternal antibodies to the transplant 
antigens of the fetus, but this is without ap- 
parent effect. 


Immunological Deficiency States 


There are a large number of conditions in 
which the normal defence mechanisms against 
invasive micro-organisms are impaired. For 
most purposes it is useful to classify such de- 
ficiencies into two major groups. Firstly, de- 
ficiencies of non-specific resistance, as in dia- 
betes mellitus, impaired function of neutrophil 
polymorphs (p. 513), etc. This miscellaneous 
group is dealt with under the appropriate dis- 
eases: it includes also lesions which impair re- 
sistance locally, for example obstruction of 
hollow viscera, as in the urinary tract or air 
passages, and ischaemia of the lower limb lead- 
ing to gangrene. 

In the second major group, which is dis- 
cussed here, impaired resistance is due to de- 
fects in specific immunological responsiveness. 
These are best classified into primary and 
secondary types, and also in relation to the 
type of immunological defect present. 

In the group of primary conditions , the im- 
munological deficiency becomes manifest us- 
ually, but not always, in early childhood, and 
in most of the conditions there is good evidence 
that the defect is genetically determined. Other 
abnormalities, e.g. thrombocytopenia in the 
Wiskott-Aldrich syndrome, or hypoparathy- 
roidism in the DiGeorge syndrome, may 
accompany the immunological defect, giving 
rise to characteristic disease complexes, but the 
immunological deficiency is not secondary to 
the other parts of the syndrome. By contrast, 
the secondary immunological deficiences occur 
at any age, are not genetically-determined, and 
the immunological defects are the result of 
injury to the lymphoid tissues, either by various 
disease processes, particularly lymphoid neo- 
plasia, or by immunosuppressive agents. 

The type of immunological defect present 
determines the clinical picture and form of 
therapy required. The division of lymphoid 
cells into two major classes — thymic-dependent 
(T) and thymic-independent (B)— -has been dealt 


with in Chapter 5. Its validity in man is de- 
monstrated by the occurrence of im- 
munodeficiency states affecting mainly T-cell 
function, with depression of cell-mediated 
immune responses, or mainly B-cell function, 
with depression of antibody production: com- 
bined deficiencies, affecting both T- and B-cell 
function, are also observed. Such well-defined 
immunodeficiencies occur as primary, con- 
genital defects, but they are rare. Less serious 
and less clearly-defined deficiencies also occur, 
both as congenital and acquired conditions. 

Primary immunological 
deficiencies 

(1) Deficiency of B-cell function. This group 
is exemplified by infantile sex-linked agamma- 
globulinaemia, which was the first to be de- 
scribed and is sometimes known as the Bruton 
type of agammaglobulinaemia after its dis- 
coverer. The major abnormality is a virtually 
complete inability to produce the three major 
classes of immunoglobulins — IgG, IgM and 
IgA. In consequence, there is little or no anti- 
body production in response to infections or 
immunisation procedures, and the normal 
blood group iso-antibodies are usually not de- 
tectable. The condition is observed nearly 
always in boys, being transmitted by a gene 
defect in the X chromosome (sex-linked re- 
cessive). Symptoms usually arise in the second 
year of life, protection before that being pro- 
vided by maternal antibodies of IgG class 
transmitted to the fetus. The defect results in 
unusually frequent and serious bacterial infec- 
tions, particularly those due to the pyogenic 
bacteria, and including respiratory and pul- 
monary infections, meningitis and septicaemia. 
‘Opportunistic’ infections (p. 174), e.g. pneum- 
onia due to the protozoon, Pneumocystis carinii, 
also occur, and candidiasis is common. The in- 
fections respond to appropriate antibiotics, and 
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diagnosis depends upon the demonstration of 
the near-absence of serum IgG (below 0-5 g / 
litre), IgM and IgA (below 3 x I0~ 2 g/litre). 
Deficiency of IgG cannot be demonstrated 
until the maternal IgG has fallen to a low 
level — usually by about 8 months old, although 
very low levels of the other two im- 
munoglobulins are observed before this time, 
since they do not cross the placenta. 

The lymph nodes and tonsils are small, and 
biopsy reveals an absence of germinal centres 
and plasma cells, while rectal biopsy reveals 
absence of plasma cells in the mucosa. The 
blood lymphocytes are not greatly diminished, 
but B lymphocytes are virtually absent. The 
thymus is normal, and cell-mediated immune 
responses are not impaired. Accordingly, the 
responses to BCG and vaccinial immunisation 
are normal and afford protection, and virus 
infections in general occur with the same 
frequency and clinical features as in normal 
children. Chronic polyarthritis, closely re- 
sembling rheumatoid arthritis, is of common 
occurrence. 

The effectiveness of regular injections of 
human IgG in preventing infections has in- 
creased the importance of early diagnosis. It 
is important to distinguish the Bruton type 
of agammaglobulinaemia, which requires life- 
long therapy, from transient hypogamma- 
globulinaemia. This latter condition presents 
similar clinical features and morphological 
changes in the lymphoid tissues, but is merely a 
delay, and not a permanent failure, of the capa- 
city to produce immunoglobulins. It is familial, 
relatively common, and more frequent and 
severe in infants bom prematurely: it affects 
both sexes, and the defect disappears within the 
first three years of life. In most cases, severe 
immunoglobulin deficiency is limited to IgG, 
and normal levels of IgM and IgA in the serum 
may help to distinguish it from the Bruton 
type. 

There are a number of less well-defined con- 
ditions which appear to fall within this group. 
In all of them, there is defective production 
of one or more classes of immunoglobulins, 
impairment of antibody production, and 
relatively normal cell-mediated immune re- 
sponses. The evidence favouring a genetic pre- 
disposition, and' a particular mode of genetic 
transmission, varies in the different types. In 
Wwtte forms, the immunological deficiency does 


not become manifest until adult life, and yet 
the disease tends to occur in families, and 
often exhibits a familial association with other 
immunological disturbances, e.g. hypergam- 
maglobulinaemia and systemic lupus ery- 
thematosus. Some patients with such late-onset 
immunoglobulin deficiency also develop auto- 
immune diseases such as pernicious anaemia 
and connective tissue diseases, but without 
demonstrable auto-antibodies. 

(2) Deficiency of T-cell function. An example 
of this group is provided by the rare DiGeorge 
syndrome, in which there is almost complete 
failure of development of the thymus and par- 
athyroids from the third and fourth branchial 
arches. 

In those infants who survive the neonatal 
period, immunoglobulin production appears 
normal, although antibody responses, at least 
to some antigens, are impaired, probably be- 
cause of lack of helper T cells. The lymph 
nodes contain plasma cells and germinal 
centres, but the paracortical (thymus-depend- 
ent) areas are deficient in small lymphocytes, 
and the number of circulating lymphocytes, al- 
though variable, is low in some cases. The con- 
dition may affect infants of both sexes, and 
there is no evidence for a genetic predisposi- 
tion. Affected infants can deal perfectly well 
with pyogenic bacteria, but suffer from ‘op- 
portunistic’ infections, e.g. by Pneumocystis car- 
inii (p. 474) and fungi and also from severe 
virus infections. Impairment of cell-mediated 
immunity is demonstrable by failure to develop 
contact hypersensitivity to agents such as di- 
nitrochlorobenzene (p. 137) and immunisation 
with live vaccines is liable to give rise to fatal 
generalised infections. The condition is fatal: in 
some instances life has been prolonged by trans- 
plantation of thymic tissue, but the problem 
here is to prevent rejection of the grafted 
thymus by the host T lymphocytes which gene- 
rate under its influence. 

(3) Combined immunological deficiency. In 
alymphocytic agammaglobulinaemia, sometimes 
termed the Swiss type of agammaglobulinaemia, 
both the thymus-dependent and -independent 
immunity systems fail to develop. The thymus 
is hypoplastic and deficient in Hassall’s cor- 
puscles and small lymphocytes, the lymph 
nodes are extremely small and lacking in ger- 
minal centres, lymphocytes and plasma cells, 
and circulating lymphocytes are scanty. There 



is a near-absence of the three main classes of 
immunoglobulins from the serum, and both 
antibody production and cell-mediated im- 
munity are grossly defective. The condition is 
transmitted as an autosomal recessive char- 
acter, and affected infants show retarded 
growth, recurrent bacterial and virus infections, 
and response to antibiotics and chemotherapy 
is poor. Immunisation with living viruses is 
likely to prove fatal, and the condition usually 
results in death during the first or second year. 
The basic defect appears to lie in the haem- 
opoietic stem cells (p. 118), which fail to 
undergo lymphopoiesis. 

Combined immunological deficiency occurs 
also in reticular dysgenesis, in which there is a 
deficiency of haemopoietic stem cells, resulting 
in failure of lymphopoiesis and haemopoiesis: 
death usually occurs before or shortly after 
birth. 

In both these conditions, the deficiencies 
are restored by infusion of haemopoietic 
cells, which include stem cells, but unless the 
donor is an HLA-identical sibling there is a 
grave risk of fatal graft-versus-host reaction (p. 
167). 

(4) Other primary immunological deficiencies are 
mostly of obscure nature. In ataxia telangiectasia 
there are widespread vascular defects resulting in 
dilatation of small vessels (telangiectases), and an in- 
sidiously-developing immunodeficiency with depres- 
sion of cell-mediated immunity and low levels of IgE 
and IgA in the blood. The IgG level is also low in 
some cases. Recurrent infections of the paranasal 
sinuses and lungs are the most common conse- 
quences of the immunological defect. In some in- 
stances the thymus has been found to be poorly 
developed and lacking in Hassall’s corpuscles. The 
condition appears to be determined genetically by 
an autosomal recessive gene. 

Another condition in which immunodeficiency 
develops insidiously is the Wiskott-Aldrich syndrome 
in which the platelets are abnormal or reduced in 
number. There is progressive depletion of lym- 
phocytes in the blood and in the T-dependent areas 
of the lymphoid tissues. The blood levels of IgM and 
IgA gradually fall and cell-mediated immunity de- 
clines. The condition is determined by a sex-linked 
genetic defect and affects boys: atopic eczema, 
attacks of diarrhoea and recurrent infections are 
common features. Recent reports suggest that 
administration of Lawrence’s transfer factor has a 
restorative effect on the immunodeficiencies in this 
condition, in which the thymus appears normal or is 
slightly diminished in size. 
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Secondary immunological 
deficiencies 

These are conditions in which the immunity 
system develops and functions normally but 
becomes defective from the direct or indirect 
effect of various disease processes or im- 
munosuppressive agents. Causal conditions in- 
clude malnutrition, certain infections, various 
forms of cancer and renal failure. 

Susceptibility to infections is a well-known 
feature of malnutrition, but it is only recently 
that protein deficiency, both experimental and 
in man, has been demonstrated to impair cell- 
mediated immune responsiveness. Because of its 
prevalence in many parts of the world, this is 
probably the most important cause of im- 
munodeficiency. 

Depression of cell-mediated immunity may 
be a feature of various acute virus infections, 
but has been demonstrated most clearly in 
measles and infectious mononucleosis, in both 
of which a temporary depression of cell- 
mediated immunity has been shown by skin 
tests (e.g. to tuberculoprotein) becoming nega- 
tive, and by impaired responsiveness of lym- 
phocytes to stimulation in vitro by antigens or 
phytomitogens (see below). 

Impaired cell-mediated immunity occurs also 
in some bacterial and protozoal infections in 
which there is extensive colonisation of the 
macrophage system, e.g. lepromatous leprosy 
and leishmaniasis. T-cell function is depressed 
also in sarcoidosis, a condition of unknown 
cause characterised by tubercle-like granulomas 
of the lymphoid and various other tissues. 

Patients with advanced cancer commonly 
have depression of both T and B cell function: 
without doubt, this is a result of cancer, al- 
though there is evidence that the incidence of 
cancer (of both the lymphoid and epithelial 
tissues) is increased in patients who survive with 
primary immunodeficiencies and in patients on 
long-term immunosuppressive therapy, e.g. fol- 
lowing renal transplantation. 

Immunodeficiencies are particularly common 
in patients with lymphoid neoplasia (lymphoma). 
In chronic lymphocytic leukaemia, there is very 
often deficient T and B cell function; this may 
be due to crowding of the lymphoid tissues, 
marrow and blood with neoplastic (usually B) 
lymphocytes. It is, however, of interest that 
immunosuppression is an early effect of infec- 
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tion with the retraviruses, which induce 
lymphomas in animals, and it is likely that 
human chronic lymphocytic leukaemia (and 
some other lymphomas) are also virus-induced. 
Depression of antibody levels is a feature of 
multiple myeloma, a plasma-cell tumour us- 
ually confined to the bone marrow; the high 
levels of Ig secreted by the myeloma cells in- 
crease the rate of Ig catabolism and may also 
depress antibody responses. 

In a third lymphoid neoplasm, Hodgkin’s 
disease, the lymphoid tissues are often ex- 
tensively infiltrated, and T-cell deficiency is then 
the usual result: tuberculosis or virus infection 
(e.g. varicella zoster) may prove fatal. 

The immunodeficiency of renal failure affects 
T-cell, and probably also B-cell, function. This 
is important in renal transplantation because it 
helps initially to prevent rejection of the trans- 
planted kidney. 

Assessment of immunological 
function 

In cases of suspected immunodeficiency, in- 
formation can be obtained from examination 
of the blood to determine: (a) the levels of the 
various classes of Ig; ( b ) the presence and litres 
of ABO blood group antibodies; and (c) the pro- 
portions and numbers of T and B lymphocytes. 


The responsiveness of lymphocytes to stimula- 
tion by antigens, e.g. tuberculoprotein, and to 
phytomitogens, gives some indication of func- 
tion. Blast-cell transformation occurs when 
normal blood lymphocytes are cultured in the 
presence of phytohaemagglutinin (PHA) or 
concanavalin A (con-A), both of which stimul- 
ate T cells, pokeweed mitogen (PWM) which 
stimulates both T and B cells, and bacterial 
endotoxin, which stimulates B cells. 

Other tests include assay of antibodies 
against commonly encountered antigens, and 
cell-mediated immunity may be investigated by 
skin tests or in vitro techniques (p. 113). 
Finally, antigens may be administered and the 
responses measured, but live vaccines should 
not be used for this purpose in subjects who 
may not be able to eliminate even attenuated 
micro-organisms. 

With increasing use of immunosuppressive 
and cytotoxic drugs — cortisone, azathioprene, 
cyclophosphamide, etc., and also radiotherapy, 
infections due to immunodeficiencies are be- 
coming common, and often limiting factors in 
renal transplantation and the treatment of vari- 
ous forms of cancer and other fatal diseases. 
Some of these agents destroy not only lym- 
phocytes, but also polymorphs and macro- 
phages, and thus depress resistance to infection 
in more than one way. 
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Host — Parasite Relationships 


Throughout evolutionary development, many 
species have adapted to a parasitic existence, 
living in or on the surface of a host of another 
species, from which they derive warmth, nour- 
ishment and mobility. The relationship is not 
necessarily harmful to the host, and may be 
advantageous. For example, various relatively 
harmless bacteria colonise the skin of man and 
help to exclude more harmful bacteria, while 
reabsorption of bile pigment from the gut and 
the production of vitamin K depend largely on 
the metabolic activities of the intestinal bacter- 
ial flora. These normal inhabitants of the skin 
and mucous membranes are called commensals. 
Other parasites, termed pathogens, are less well 
adapted and by injuring the host endanger their 
own survival: they include many species of 
micro-organisms (microbes) including viruses, 
bacteria, fungi and protozoa and also metazoa 
of various sizes. The terms pathogenicity and 
virulence are commonly used synonymously to 
indicate the capacity of a particular micro- 
organism to cause disease. 

Although it is important to distinguish be- 
tween commensals and pathogens, the distinc- 
tion is not absolute, for many commensals are 
only harmless so long as they are kept at bay 
by the host’s defence mechanisms. In im- 
munodeficiency states, for example, various 
normally harmless microbes may behave as 
‘opportunistic’ pathogens. Similarly, a breach 
of local defence mechanisms, even in a normal 
individual, may allow commensals to cause 
severe infections, an example being Escherichia 
coli , which normally inhabits the gut: this bac- 
terium may be introduced into the urinary tract 
by catheterisation of the bladder, and may then 
cause severe acute pyogenic inflammation, even 
extending into the kidneys. Local abnormalities 
in the host may also predispose to injury by 
commensals: for instance, heart valves which 
have been scarred and distorted by rheumatic 


fever are readily colonised by Streptococcus viri- 
dans , a bacterium which lives in the mouth 
and finds its way into the blood following 
tooth extraction, or even when the teeth are 
brushed vigorously. In normal individuals it is 
quickly eliminated, but it can settle and mul- 
tiply in the distorted valve cusps, causing bac- 
terial endocarditis. Because the distinction 
between pathogens and commensals is not 
sharp, it is helpful to use the term infection to in- 
dicate the presence of a particular type of micro- 
organism in a part of the body where it is nor- 
mally absent, and where, if allowed to multiply, 
it is likely to be harmful, i.e. to cause infective 
disease. 

As implied above, most infective diseases 
depend on penetration of the host’s tissues by 
micro-organisms, and the factors concerned in 
such invasion provide the first major topic of 
this chapter. Following invasion, the microbes 
may be eliminated without causing obvious dis- 
ease (inapparent infection) or clinical disease of 
any grade of severity may follow: the factors 
determining these events form a second major 
topic. Lastly, two important reactions to infec- 
tion, neutrophil leukocytosis and fever, will be 
considered. 

The subject of infective disease is extremely 
complex, involving as it does a consideration of 
the relationships between man and numerous 
species and strains of micro-organisms. The 
following account is limited to a brief outline of 
the subject. 

Factors determining invasion 

The skin and mucous membranes are exposed 
to many different types of micro-organisms 
present in expired droplets in the air, in dust 
particles, and in food and water. The skin and 
various mucous membranes on which these 
organisms settle have properties which render 



them suitable for the survival and sometimes 
multiplication of certain organisms, but in- 
hospitable to others. In some instances, the 
requirements of a particular microbe for 
growth in vitro help to explain its colonisation 
of particular parts of the surface of the body, 
but many of the factors determining such col- 
onisation are still unknown, and indeed 
the predilection of certain bacteria for a par- 
ticular host species is in most instances quite 
unexplained. Nevertheless, certain factors are 
known to be of great importance in limiting or 
preventing invasion by many types of microbes, 
and these must be considered briefly. 

Barriers to invasion 

(a) Mechanical barriers. The superficial kera- 
tinised layer of the epidermis is an excellent 
mechanical barrier to microbial invasion, and 
provided it is kept clean and dry, direct inva- 
sion is extremely unlikely. Penetration may 
however occur when dirt is allowed to accum- 
ulate on the skin and particularly in moist 
warm areas subject to friction, such as the axil- 
lae and sub-mammary folds. In many skin 
diseases which result in exudation with loss or 
sogginess of the keratin layer, bacterial and 
fungal infections are common complications. 
The conjunctival, oral, respiratory-tract and 
gastro-intestinal mucosae, covered as they are 
by a film of mucous or serous secretion, also 
present a formidable barrier to many micro- 
organisms, although some can penetrate the 
epithelium readily, e.g. influenza virus, rhino- 
viruses. 

Wounds and ulcers of the skin and mucous 
membranes open up pathways for bacterial 
invasion and are obviously important causes of 
infection. Bums are particularly liable to 
become heavily infected because the dead 
superficial tissue provides a good medium for 
coliform bacilli, staphylococci, pyocyanea and 
many other bacteria. In the mouth, tooth ex- 
traction and tonsillectomy inevitably lead to 
bacterial invasion, and tonsillectomy has been 
shown to predispose to invasion by the virus of 
poliomyelitis in the post-operative period. Vita- 
min A and C deficiencies also impair the resist- 
ance of the mucous membranes and skin to 
bacterial invasion. 

Some parasitic organisms have evolved a life 
cycle in which they multiply in insect vectors 


Host — parasite relationships 1 75 

and are introduced to man and other hosts by 
the insect bite, thus penetrating the major bar- 
rier of the skin. Examples include the protozoa 
which cause malaria, the metazoan filarial 
worms, and the virus of yellow fever, all of 
which are transmitted by mosquitoes. Yersinia 
pestis, the cause of bubonic plague (the Black 
Death), is transmitted by the flea of the black 
rat, and the rickettsiae which cause typhus are 
spread by ticks, mites and lice. Rabies virus 
enters the tissues by the bite of a rabid animal. 

(b) Glandular secretions. The secretions of 
glands opening on to the skin surface play an 
important role by maintaining the integrity of 
the skin, and also by providing an environment 
in which many types of bacteria cannot survive 
for long. The acidity of the sweat and the long- 
chain unsaturated fatty acids produced by the 
action of commensal bacteria on sebaceous sec- 
retion both exert a selective bactericidal effect, 
and consequently the bacterial flora of the skin 
surface tends to be rather constant: it has been 
shown that some types of pathogenic bacteria, 
when placed on the skin, are virtually all de- 
stroyed within an hour or two. The secretions 
of mucous membranes possess similar qualities. 
Lysozyme, an enzyme which digests the muco- 
peptide of bacterial cell walls, is present in high 
concentration in the lacrimal gland secretion 
and probably exerts an important protective 
effect in the conjunctival sac: it is secreted also 
by the salivary and nasal glands but in much 
smaller amounts. Antibodies of IgA class, modi- 
fied by addition of a ‘transport piece’ so that 
they are resistant to digestive enzymes, are pre- 
sent in saliva, tears, intestinal contents, re- 
spiratory tract mucus, milk and urine (p. 109). 
Provided that IgA antibody has developed 
against a particular organism as a result of pre- 
vious infection, it will be represented in these 
secretions. This is of importance in preventing 
invasion by certain viruses, for the virus may 
encounter the antibody in the surface mucus 
and be neutralised by it: its significance in re- 
lation to bacterial invasion is less certain, al- 
though there is evidence that IgA antibody may 
render bacteria highly susceptible to the lytic 
action of lysozyme, and it also activates com- 
plement by the alternative pathway. 

The acidity of the gastric juice is effective in 
killing most types of microbes ingested in food 
or water; but hypochlorhydria due to chronic 
gastritis is common, and minor illnesses and 
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even emotional stresses can reduce temporarily 
the acidity of the juice. In general, those mic- 
robes which cause intestinal infections, such 
as the salmonellae and dysentery bacilli, arc 
relatively acid-resistant. Entamoeba histolytica , 
the cause of amoebic dysentery, produces cysts 
which resist the gastric juice and pass through 
the stomach before hatching out and invading 
the wall of the colon. 

The normal acidity of the urine contributes 
to the defences of the urinary tract against in- 
fection. Also there is a mucosal factor which 
eliminates bacteria in contact with the urinary 
tract epithelium but its nature and mechanism 
are not understood. 

(c) Secretion currents. The continuous flow 
of tears over the the surface of the conjunctiva 
has an important effect in the removal of con- 
taminating bacteria, which are carried rapidly 
into the nasopharynx. In the nose and mouth 
also, the secretions covering the mucosa flow 
towards the pharynx and hence to the stomach, 
carrying with them residual food particles, bac- 
teria, etc. The importance of the saliva is illus- 
trated by the oral infections and severe dental 
caries which accompany loss of salivary se- 
cretion in Sjogren’s syndrome (p. 594). The 
lacrimal secretion is also diminished, and con- 
junctival infections result. The importance of 
removal of contaminating bacteria by the saliva 
may explain the common occurrence of infec- 
tion in the crypts of the tonsils and also in the 
periodontal sulci, for once bacteria gain entrance 
to these spaces, they are out of the main stream 
of salivary flow. 

In the respiratory tract there is a continuous 
flow of mucus upwards over the surface of the 
bronchial and tracheal mucosa: inhaled par- 
ticles are caught up and removed in this stream, 
and the air is almost sterile by the time it 
reaches the respiratory bronchioles. This de- 
fence mechanism is dependent on a normal 
production of mucous secretion and on the 
integrity of the ciliated respiratory epithelium. 
Most of the micro-organisms capable of invad- 
ing the respiratory mucosa in spite of muco- 
ciliary flow are enabled to do so by having 
surface components which allow them to bind to 
respiratory epithelium: such organisms include 
influenza virus, Mycoplasma pneumoniae , rhi- 
noviruses (common ■ cold) and Bordetella 
'ptytffssjs (whooping bough). Other micro- 
1 organisms are less likely to cause respiratory in- 


fections unless the mucosa is first damaged. 
Such damage may be caused by the virus of in- 
fluenza which parasitises the respiratory epith- 
elium, interfering with its protective function: 
as a result, secondary bacterial infection in- 
variably develops, and by extending into the 
alveoli may give rise to pneumonia. The integ- 
rity of the respiratory mucosa is also seriously 
impaired in chronic bronchitis, most commonly 
due to cigarette smoking but also to atmos- 
pheric pollution: this leads to metaplasia, the 
ciliated epithelium being replaced by goblet 
cells in the smaller bronchi. There is increase 
in the amount of secretion, which also becomes 
more viscous, and this tends to stagnate and 
become infected. 

Intestinal pathogens, such as the salmonellae 
of ‘food poisoning’ and the shigellae of bacil- 
lary dysentery, induce an acute inflammatory 
reaction in the intestinal mucosa; diarrhoea re- 
sults from the increased peristalsis and exuda- 
tion, and repeated evacuation of the gut helps 
to get rid of the offending bacteria. 

The flow of urine is of importance in pre- 
venting growth and spread of any bacteria 
gaining entrance to the urinary tract by the 
urethra, and any abnormality resulting in stag- 
nation of urine or incomplete emptying of the 
bladder, particularly if chronic, e.g. obstruction 
by an enlarged prostate, predisposes to infec- 
tion. 

(d) Bacterial commensals. In spite of the de- 
fence mechanisms described above, the skin, 
mouth, nasal cavity, conjunctival sac and in- 
testines are all colonised by bacteria of various 
types. The local environment provided by each 
of these various surfaces favours the survival of 
particular types of bacteria and thus each re- 
gional surface develops its own flora. In their 
usual site of colonisation, most of these com- 
mensals are non-pathogenic, and they tend to 
prevent the establishment of other types of mic- 
robes, including pathogens, by competing for 
nutrients and by release of metabolic products 
which are toxic to other organisms. 

In normal circumstances the bacterial florae 
of the various surfaces are remarkably stable, 
but if they are disturbed, colonisation by path- 
ogens may result: hence the common occur- 
rence of fungal infections of the pharynx in 
patients on antibiotic therapy, and the produc- 
tion of lesions by the toxin of Clostridium dif- 
ficile in pseudomembranous colitis which 
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may arise when the normal flora is depressed 
by broad-spectrum antibiotics. ‘Seeding’ of the 
gut with non-pathogenic bacteria has achieved 
some success in preventing the overgrowth of 
pathogens in neonates and in patients treated 
by antibiotics. 

(e) Phagocytes. There is evidence that phago- 
cytic cells migrate on to the surface of various 
mucous membranes: for example neutrophil 
polymorphs pass through the thin epithelium 
lining the depths of the tonsillar crypts, and 
macrophages pass into the alveoli of the lungs. 
In both these sites the migrant cells have been 
shown to phagocytose particles on the surface 
of the mucosa and this may play a role in pre- 
venting invasion. 

Invasive capacity of micro-organisms 

Micro-organisms vary greatly in their capacity 
to invade the host’s defensive barriers. Most 
bacteria cause injury only after invading the 
host’s tissues, but some are virtually incapable 
of invasion and yet can produce disease. For 
example, Clostridium tetani, the cause of teta- 
nus, flourishes only in dead tissue, foreign 
material and exudate in wounds, but its toxin is 
absorbed and has serious effects on the nervous 
system. Vibrio cholerae does not invade the 
mucous membrane of the small intestine, but 
secretes a toxin which, by disturbing the con- 
trol of fluid transport across the epithelium, 
causes severe dehydration. Other organisms, 
and particularly some viruses, are very highly 
invasive and infect virtually all individuals who 
have not previously encountered or been im- 
munised against them, e.g. the viruses of mor- 
billi (measles) and rubella (german measles). 
Examples of highly invasive bacteria include 
Yersinia pestis (the cause of plague), Sal- 
monella typhi (typhoid fever) and the brucellae 
(undulant fever), all of which regularly invade 
the bloodstream. However, a great many bac- 
teria lie intermediate between these extremes in 
their invasive capacity. This includes the more 
important pyogenic bacteria which are com- 
monly present in the nose or throat, or on the 
skin. Their presence is often harmless, but dis- 
turbances of defence mechanisms may allow 
them to invade and cause lesions. 

In general, bacteria of high invasive capacity 
are also highly pathogenic, but there is little 
correlation between the invasive capacity and 


pathogenicity of viruses. For example, poliovi- 
rus invades readily but only a small proportion 
of infected individuals develop clinical disease, 
and non-pathogenic strains are administered 
orally to produce infection and immunity. Also 
the protozoon Toxoplasma gondii is highly in- 
vasive and yet, apart from the lesions it causes 
in fetal life, it is of low pathogenicity. 

Pathogenic effects of 
micro-organisms 

Bacteria which have invaded the host tissues 
may be destroyed without causing clinically 
apparent disease, may promote a local in- 
flammatory lesion, or may spread to other 
parts of the body and produce widespread les- 
ions. The two major ways in which bacteria are 
known to cause pathological changes are 
firstly by the production of toxins, and 
secondly by promoting hypersensitivity reac- 
tions on the part of the host. 

Viruses cause injury by invading the host’s 
cells and utilising the cellular synthetic pro- 
cesses for their own replication. The colonised 
cells may be destroyed directly by the replicat- 
ing virus, or as a result of an immunological 
host reaction (probably mainly delayed hyper- 
sensitivity). 

Bacterial toxins 

These are of two main types, exotoxins and 
endotoxins. 

Exotoxins are secreted by living bacteria: 
they are simple proteins, are often extremely 
potent, and vary considerably in their biologi- 
cal effects upon the host. They are antigenically 
specific and their biological activity is usually 
neutralised by union with antibody. Many 
pathogenic bacteria produce a number of differ- 
ent exotoxins when cultured in vitro. Thus Strep- 
tococcus pyogenes and Staphylococcus aureus, 
two of the most important pyogenic bacteria, 
produce haemolysins and hyaluronidases. Strep, 
pyogenes also produces a leukocidin which kills 
leukocytes, and Staph, aureus a coagu- 
lase which clots fibrinogen. Some exotoxins 
are injurious to virtually all types of host cell 
and their effects thus depend on their con- 
centration and distribution. Corynebacterium 
diphtheriae, the cause of diphtheria, secretes 
such a toxin and at the site of infection, usually 
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the pharynx, it causes local tissue necrosis. Less 
florid but still severe cell injury is far more 
widespread and is reflected morphologically in 
fatty change and necrosis of the parenchymal 
cells of the various organs: in severe cases, 
death may result from its effect upon the myo- 
cardium (Fig. 7.1). The mechanism of injury by 
this particular toxin is known (p. 8): other 
toxins with a similarly widespread effect are 
produced by many of the pathogenic Gram+ve 
bacteria but in most instances the mechan- 
ism of toxic action is not known. Some have 
enzymic activity, e.g. phosphatases, proteases, 
lipases. Some bacteria produce toxins which act 
specifically on one type of tissue, e.g. the neuro- 
toxins of Cl. botulinum interfere with the pro- 
duction of acetylcholine at cholinergic synapses 
in the peripheral nervous system, and cause a 
flaccid paralysis, while the neurotoxin of Cl. 
tetani has a contrasting effect on the synapses 
in the central nervous system, resulting in wide- 
spread tetanic muscular contractions in re- 
sponse to slight local stimuli. 

Attempts to equate the pathogenic effects of 
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.d®Stritefaon and disappearance of muscle fibres and a 
W& inflammatory cdlular infiltrate, x 115. 


a particular micro-organism with its toxins 
have encountered difficulties: not only are 
many toxins produced by a single strain of bac- 
teria but different samples of a toxin, even in 
highly purified form, may have different bio- 
logical properties. Also toxins vary greatly in 
their effects on hosts of different species, and 
experimental observations are not necessarily 
applicable to man. Finally, production or non- 
production of toxin by bacteria growing in vitro 
does not necessarily indicate a similar be- 
haviour in vivo. It is a feature of exotoxins that 
their biological effects are neutralised by the 
corresponding antitoxin, and in some instances, 
e.g. diphtheria and tetanus, prior administra- 
tion of the antitoxin or active immunisation by 
injection of toxoid (inactivated toxin which 
maintains its immunogenicity) will protect ani- 
mals against the effects of injection of the 
toxin and man against the disease. Thus in 
some instances, particular toxins have been in- 
criminated beyond all reasonable doubt as the 
pathogenic agents responsible for the disease; 
in others, it seems most likely that toxins are 
responsible, but there remains the possibility 
that the bacteria may have other, at present 
unknown, pathogenic properties in addition to 
toxin production. 

Endotoxins are structural elements of bac- 
teria and are released only when the bacterium 
dies. They are constituents of the cell wall of 
Gram-negative bacteria, and are complexes of 
phospholipid (lipid A), polysaccharide and pro- 
tein. The endotoxins produced by different 
Gram-negative bacteria are antigenically differ- 
ent but they all have the same biological 
effects and the active component resides in lipid 
A. Endotoxin is responsible for fever, activa- 
tion of complement by the alternative pathway 
(p. 143), intravascular conversion of fibrinogen 
to fibrin, vascular lesions and cellular necrosis 
in various organs. In small dosage it causes a 
neutrophil leukocytosis, in large amounts a leu- 
kopenia followed by a leukocytosis. In severe 
Gram-negative bacterial infections, a state of 
shock develops with some or all of the above 
features — ‘septic’ or ‘endotoxic’ shock (p. 264). 
Because they produce fever, endotoxins are 
sometimes termed pyrogens. They are heat- 
stable and unless special precautions are taken 
are liable to contaminate apparatus used for 
haemodialysis, etc., and fluids prepared for 
parenteral administration. 
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Hypersensitivity reactions to micro-organisms 

Virtually all microbial infections stimulate 
immune responses by the host, and the reaction 
of the antibodies or primed T lymphocytes with 
microbial antigens can result in hypersensitivity 
of various types. Atopic (type 1) reactions, such 
as urticaria, are a common feature of infesta- 
tion by parasitic worms, even in individuals not 
otherwise predisposed to atopy, and microbial 
infections sometimes cause atopic reactions in 
individuals predisposed to this type of hyper- 
sensitivity. Cytotoxic antibody (type 2) reac- 
tions may, in theory, result from the cross- 
reaction of microbial-induced antibodies with 
host cells, a possible example being rheumatic 
fever, in which antibodies to Strep, pyogenes 
react with heart muscle cells. Immune complex 
(type 3) reactions are important complications 
of some infections. Local Arthus reactions 
occur when microbial antigens in infected 
tissues react with antibodies in the plasma. 
Immune complexes are deposited in the walls 
of small blood vessels. Circulating immune- 
complex disease occurs when microbial anti- 
gens enter the blood, immune complexes then 
being formed in the plasma, resulting in an 
acute febrile reaction and/or deposition of the 
complexes in small blood vessels, notably in the 
glomeruli where they are responsible for glo- 
merulonephritis (p. 156). The acute generalised 
reaction is seen in the severe form of dengue 
fever which occurs in people who have had a 
previous, usually mild infection with the virus. 
On re-infection (possibly with another strain of 
the virus) large amounts of viral antigen en- 
counter antibody in the plasma, triggering off 
the complement, clotting, plasmin and kinin 
systems (p. 55) and causing a profound state of 
shock. Other examples of infections giving rise 
to immune-complex reactions, and the way in 
which lesions are produced, are described on 
pp. 154-6. 

Cell-mediated immunity is an important de- 
fence mechanism in various infections. The 
lymphokines released when primed T cells react 
with microbial antigens (p. 158) are responsible 
for both destruction of micro-organisms by 
macrophages and the tissue injury of delayed 
(type 4) hypersensitivity. Consequently, the two 
phenomena are commonly associated. The 
classical example is tuberculosis, in which 
cell-mediated immunity develops to tuber- 


culoprotein, and is largely responsible for the 
lesions of this disease. Myco. tuberculosis has 
not been shown to produce toxins and can 
colonise macrophages in culture without causing 
apparent injury: addition of primed T lympho- 
cytes reactive with tuberculoprotein results in 
destruction of macrophages and their ingested 
micro-organisms. The morphological features 
of tuberculosis, described in the next chapter, 
can all be explained on the basis of delayed 
hypersensitivity. Leprosy is another disease in 
which delayed hypersensitivity plays a major 
role. In some cases, cell-mediated immunity is 
weak or absent and Myco. leprae multiply pro- 
gressively, mostly within macrophages. Like 
tubercle bacilli, they cause little or no cell 
injury, and the lesions consist of enlarging 
nodules composed of macrophages containing 
large numbers of Myco. leprae. In other cases, 
strong cell-mediated immunity develops, and 
the bacteria are kept partly in check. Very few 
are demonstrable in the lesions, but delayed 
hypersensitivity results in tissue necrosis and 
fibrosis (p. 215). This is a good example of the 
dual effect of cell-mediated immunity — -it limits 
the numbers of micro-organisms, but also 
causes injury of host tissues. 

Delayed hypersensitivity reactions are com- 
monly prominent in fungal, viral and chronic 
bacterial infections. They are probably in- 
volved also in some of the skin lesions of 
chickenpox, measles, etc. but firm evidence on 
the pathogenesis of the skin rashes in these 
conditions is remarkably scanty. 

Defence mechanisms in infections 

When micro-organisms have invaded the 
tissues, there are three major defensive reac- 
tions which tend to limit their multiplication 
and spread, and bring about their destruction: 
these are the inflammatory reaction, phagocytic 
activity and specific immune reactions. 

The inflammatory reaction 

The acute inflammatory reaction. The de- 
fensive role of this reaction has been considered 
in Chapter 3. Without doubt, it is of consider- 
able importance, and those infections which are 
accompanied by acute inflammation at the site of 
invasion are more likely to remain localised than 
those in which invasion is accomplished without 
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local injury or reaction. The pyogenic bacteria 
are a common cause of the former type of in- 
fection, while silent invasion is illustrated by 
Treponema pallidum , the cause of syphilis, 
which spreads widely through the body before 
the appearance of a local lesion at the site of 
entry. Other bacteria which may enter the body 
silently and spread widely include Neisseria 
meningitidis , a cause of acute meningitis, and 
brucellae, the cause of undulant fever. Many of 
the parasites transmitted by biting insects, such 
as the plasmodia which cause malaria, produce 
generalised infection without a significant local 
reaction, and many viruses invade the body 
and produce viraemia without first producing 
local inflammation. 

Chronic inflammatory change also plays a 
defensive role by exposing the micro-organisms 
to phagocytes, antibodies and effector T lym- 
phocytes, and by surrounding them with a layer 
of granulation tissue which has been shown to 
be an effective barrier to bacteria. In the more 
prolonged infections, such as tuberculosis, sur- 
viving micro-organisms may be effectively con- 
fined within a zone of dense fibrosis resulting 
from chronic inflammatory change. 

Phagocytosis and killing of micro-organisms 

A general account of phagocytosis has been 
given on p. 63, and we are concerned here with 


factors which determine the capacity of neutro- 
phil polymorphs and macrophages to phagocy- 
tose and subsequently kill micro-organisms. 
Bacteria differ greatly in their resistance to 
these processes, and such resistance is often an 
important factor in their pathogenicity. 

The inflammatory and immune responses 
are important host factors favouring phagocy- 
tosis and killing of micro-organisms. They help 
to provide an environment favourable to phago- 
cytosis, render the micro-organism more sus- 
ceptible to phagocytosis, and increase the pha- 
gocytic and killing activities of phagocytes. 
These factors are illustrated for macrophages in 
Fig. 7.2. Emigration of polymorphs and mono- 
cytes is part of the inflammatory reaction, and 
the inflammatory exudate opens up tissue 
spaces in which the emigrated phagocytes can 
move. Immunoglobulins and components of 
complement enter infected tissues in the in- 
flammatory exudate; if specific antibodies are 
present, they may aid phagocytosis by render- 
ing the micro-organisms more susceptible to 
phagocytic ingestion (opsonisation), or by 
neutralising toxins harmful to phagocytes. The 
reaction of antibodies usually activates comple- 
ment, which may kill micro-organisms directly, 
or favour their destruction by enhancing the 
inflammatory reaction and chemotaxis of 
phagocytes (pp. 55, 60). 

Both polymorphs and macrophages have 


CELL-MEDIATED 

IMMUNITY 



Fig. 7.2 The ways in which the inflammatory reaction, delayed hypersensitivity and antibodies promote the 
emigration and aggregation of macrophages at the site of infection and enhance their binding, phagocytic 
and kilting capacities for micro-organisms (represented by black spheres). Y represents specific receptors for 
ansarobial antigens on T or B lymphocytes and also antibodies binding by various receptors to the surface of 
ta3cibphi^se& 
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surface receptors for the Fc component of IgG 
antibodies, and this facilitates surface binding 
and subsequent phagocytosis of microbes sen- 
sitised with IgG antibodies (Fig. 7.2): they also 
have surface receptors for the C3b component 
of reacted complement but, surprisingly, while 
complement fixation by antibody-sensitised 
bacteria enhances binding to the phagocyte, it 
apparently does not enhance phagocytosis. 
IgM antibodies are opsonic, particularly for 
micro-organisms with a non-protein capsule, 
but their opsonic effect is not due to specific 
binding to phagocytes, which do not have sur- 
face receptors for Fc of IgM. 

Cell-mediated immunity is particularly effec- 
tive in destroying microbes which invade host 
cells. The lymphokines released when primed T 
cells react with antigen include factors which 
promote inflammation, accumulation of macro- 
phages and lymphocytes, and enhance, both 
specifically and non-specifically, the phagocy- 
tosis and killing of ingested micro-organisms 
by macrophages (see below). 

The mechanisms of killing of micro- 
organisms by phagocytes are complex. Unlike 
phagocytosis, which occurs readily under an- 
aerobic conditions, killing is accompanied by 
increased oxygen uptake. In polymorphs, 
oxygen is converted by NADPH into super- 
oxide ( _ 0 2 ) by removal of an electron; some of 
this is converted into hydrogen peroxide 
(H 2 0 2 ) and singlet oxygen ('0 2 ), which has an 
unstable distribution of electrons around the 
two nuclei, is also produced. All these forms of 
highly reactive oxygen are produced within the 
phagosome, the membrane of which protects 
the host cell from their effects. They react with 
the wall of the phagocytosed micro-organism 
and are highly lethal to many bacteria, viruses 
and fungi. Hydrogen peroxide also co-operates 
with myeloperoxidase which, together with 
halogen ions, forms a system which attacks the 
microbial cell wall. 

In addition to the above mechanisms, the 
low pH within phagosomes is unfavourable to 
many micro-organisms, and other lysosomal 
products exert a harmful effect, notably cat- 
ionic lysosomal proteins which injure microbial 
cell walls, lactoferrin (an iron-binding protein), 
and lysozyme which has a synergistic lytic 
effect with complement. 

Macrophages lack myeloperoxidase, cationic 
microbicidal proteins and lactoferrin. They are 


nevertheless capable of producing microbicidal 
forms of oxygen and they are activated by 
bacterial products and by the lymphokines 
produced by T lymphocytes in delayed hyper- 
sensitivity reactions (p. 158); their motility, 
phagocytic activity, lysosomal enzymes and 
killing capacity are all increased as a result. 

Microbial resistance to phagocytes. In gen- 
eral, those bacteria which develop a non-protein 
capsule, e.g. the anthrax bacillus or smooth 
strains of Strep, pneumoniae and Haemophilus 
influenzae, are not readily phagocytosed. Some 
bacterial products are chemotactic, but Strep, 
pyogenes and some other bacteria secrete 
toxins which injure phagocytic (and other) cells 
and so inhibit phagocytosis. Other bacterial 
products, e.g. the endotoxins of Gram-negative 
bacteria, enhance the phagocytic activity of 
polymorphs and macrophages in low con- 
centrations, but inhibit it in higher concentra- 
tions. Staphylococcus aureus secretes a factor 
(‘Protein A’) which partially inhibits phago- 
cytosis of bacteria sensitised by antibody, 
possibly by blocking their binding to the Fc 
receptors of phagocytes (see above). 

A number of micro-organisms undergo pha- 
gocytosis but are able to resist the microbicidal 
activity of phagocytes and even multiply within 
them. A good example is provided by the gono- 
coccus (the cause of gonorrhoea) which colon- 
ises neutrophil polymorphs (Fig. 7.3). Some 





Fig. 7.3 Smear of urethral exudate in acute gonor- 
rhoea. Two polymorphs contain large numbers of 
gonococci, and show degenerative changes. Other 
polymorphs contain few or no bacteria and appear 
relatively healthy. (Gram stain.) x 1200. 
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viruses undergo phagocytosis by macrophages, 
but can bind to the phagosomal wall and pass 
into the cytosol of the host cell. A number of 
organisms succeed in preventing the fusion of 
lysosomes with the phagocytic vacuole, and so 
protect themselves from lysosomal microbicidal 
products: this is observed with tubercle bacilli 
ingested by macrophages in culture and with the 
protozoon Toxoplasma gondii and the fungus 
Aspergillus flavus , all of which cause chronic 
infections in man. In other instances, the organ- 
ism can flourish within phagosomes, e.g. the 
brucellae which cause undulant fever. Other 
organisms have a suppressive effect on cell- 
mediated immunity and persist within macro- 
phages which are handicapped by lack of the 
enhancing effects of T-cell lymphokines on 
their microbicidal activity. This includes the 
leprosy bacillus and some protozoa. 

The immune response 

The several ways in which antibodies and cell- 
mediated immunity help to destroy micro- 
organisms have been described in this and pre- 
ceding chapters, and may be summarised as 
follows. Antibodies of IgA class are important 
in preventing the invasion of mucous mem- 
branes by viruses and probably by some bac- 
teria (p. 175). IgM and IgG antibodies can 
neutralise bacterial toxins, agglutinate and im- 
mobilise micro-organisms (p. 108), and prevent 
cell invasion by viruses: by activating comple- 
ment, they may cause lysis of microbial cell 
walls without the intervention of phagocytes 
(p. 144). Activation of complement also pro- 
motes the inflammatory reaction and attracts 
polymorphs by chemotaxis (pp. 55, 60). Anti- 
bodies, particularly those of IgG class, also 
opsonise micro-organisms, thus favouring their 
ingestion and destruction by phagocytes (see 
above). 

When the primed T lymphocytes produced 
by cell-mediated immune responses react with 
microbial antigens, they release lymphokines 
which induce the inflammatory and other 
changes of the delayed hypersensitivity reaction 
(p. 158). In addition to exerting chemotactic 
and immobilising effects on macrophages, lym- 
phpldnes include a macrophage-activating 
factor which increases their killing capacity for 
ingested micro-organisms, and a second . fac- 
tbr- : -the specific inacrophage-anning factor 


—which enables macrophages to kill allogeneic 
target cells and may also mediate destruction 
of micro-organisms. 

One of the main purposes of this summary is 
to emphasise the complex relationships and 
synergism between the inflammatory response, 
phagocytosis, and immunological reactions, 
which together provide a closely interwoven 
system of defence against micro-organisms. 

Interferon (p. 194) is probably mainly re- 
sponsible for arresting virus infections, yet chil- 
dren with congenital T-cell deficiencies tend to 
develop progressive virus infections. This could 
be attributable to loss of the interferon which is 
produced by T cells responding to antigen, 
although many other types of cell are capable 
of producing interferon. 

Microbial resistance to the host’s immune re- 
sponse. Micro-organisms which colonise host 
cells are protected from antibody in the plasma 
and tissue fluids, and can persist in spite of a 
strong antibody response. This is illustrated by 
the brucellae of undulant fever, the protozoon 
Leishmania donovani which causes leish- 
maniasis, and some fungi, all of which can sur- 
vive in macrophages. This mode of protection 
is particularly successful for organisms which 
do not kill the host macrophage nor prevent its 
division. As obligatory intracellular parasites, 
viruses are protected from antibodies once they 
have established an infection, although many 
of them are prevented by antibody from invad- 
ing the host and spreading by the bloodstream. 
Those viruses which are integrated into the 
host cell genome (p. 302) may not provide an 
antigenic stimulus unless they replicate, and 
indeed have been shown in various species of 
animals to be transmitted from generation to 
generation via the host’s germ cells. 

To survive, intracellular micro-organisms 
must also protect themselves against the host’s 
cell-mediated immune response and many of 
them do this by exerting a suppressive effect on 
cell-mediated immunity in general. This is ob- 
served in a number of viral infections, includ- 
ing measles, mumps, infection with the Epstein 
-Barr virus (the cause of glandular fever), 
and the animal leukaemia viruses which colon- 
ise lymphoid cells. It is also a feature of lep- 
romatous leprosy (p. 216), leishmaniasis (p. 
564) and malaria (p. 305). 

In some infective diseases, sufficient micro- 
bial antigen is produced to overwhelm the 
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immune response. This is seen in severe acute 
cases of meningococcal septicaemia and men- 
ingitis, in which free bacterial polysaccharide 
antigen can be detected in the serum and CSF 
(a test used in diagnosis), and also in acute 
pneumococcal pneumonia or septicaemia. An- 
other example is provided by the B hepatitis 
virus (p. 670) which replicates in the liver and 
produces large amounts of viral envelope: in 
carriers, free viral surface antigen can be de- 
monstrated in the serum. The cell-mediated 
immune response can also be overwhelmed in 
extensive infections, for example in widespread 
tuberculosis or acute tuberculous broncho- 
pneumonia; in these conditions the skin test 
with tuberculoprotein, which is based on a de- 
layed hypersensitivity reaction (p. 157), 

becomes negative. 

Another ingenious method of circumventing 
the host’s immune response is by antigenic vari- 
ation. The best-known examples are relapsing 
fever, caused by Borrelia recur rentis and try- 
panosomiasis caused by flagellate protozoa. 
Both of these organisms stimulate an antibody 
response to which they are susceptible, but they 
possess a number of genes coding for antigenic- 
ally-distinct surface coat material. Although 
the great majority are destroyed by the host’s 
antibody response, occasional organisms oper- 
ate another gene for surface coat production 
and arise as resistant variants with consequent 
relapse, and so the diseases are characterised 
by successive recurrences. The influenza virus 
is notorious for producing mutant strains which 
are responsible for fresh outbreaks in the 
population. 

Another elegant method of protection is illus- 
trated by the group of parasitic trematodes 
termed Schistosomes. These parasites enter the 
body as a larval form or schistosomule, which 
stimulates an immune response in the host, but 
the larvae rapidly become coated with host 
blood-group substances and so provide them- 
selves with an immunological cloak which they 
maintain during development and adult life. The 
immune response is partly effective in destroying 
schistosomules subsequently entering the body, 
before they become coated, and further infec- 
tion is thus usually avoided. Unfortunately 
many of the eggs produced by the adults are 
arrested in the host tissues and elicit a delayed 
hypersensitivity reaction resulting in a chronic 
inflammatory lesion, notably in the liver (p. 698). 


Mention should also be made of the possi- 
bility of a micro-organism inducing in the host 
specific immunological tolerance to its own anti- 
gens. This occurs when mice are infected via 
the ovum with lymphocytic choriomeningitis 
virus. The virus induces tolerance and persists 
into adult life, notably in the ependyma and 
cells lining the meninges - little or no harmful 
effects result until tolerance partly breaks down 
and the development of antibodies is followed 
by deposition of antigen-antibody complexes in 
the glomeruli and elsewhere. If a mouse is first 
infected some time after birth, it develops chorio- 
meningitis due to the development of cell- 
mediated immunity and a consequent delayed 
hypersensivity reaction with viral antigens. A 
parallel in man has not been demonstrated. 
Tolerance might arise also from molecular 
mimicry, in which a micro-organism possesses 
surface antigens closely similar to host anti- 
gens. Some of the coliform bacilli in the gut 
have been shown to share a common antigen 
with colonic epithelium, and antibodies in- 
duced by various bacteria react with particular 
transplant (HLA) antigens of man. Such anti- 
genic similarities have not been shown to in- 
fluence infections, but individuals possessing 
particular HLA antigens have been found to be 
unduly prone to certain infections. For ex- 
ample, Reiter’s syndrome (p. 988) due to a 
chlamydia, occurs especially in people with 
HLA-B27, and tolerance or genetically- 
determined inability to respond to a particular 
microbial antigen remain as possibilities. 

Antibacterial drug therapy 

In many types of bacterial infection, antibiotic 
drugs are capable of killing the bacteria or sup- 
pressing their multiplication, and thus tip the 
balance in favour of the host and terminate the 
infection. Antibiotic therapy is not, however, 
without risk. Apart from their toxic side-effects 
and the induction of hypersensitivity reactions, 
antibiotics can, as already mentioned, en- 
courage the multiplication of resistant strains 
of bacteria. Such resistance may be determined 
by orthodox genetic bacterial inheritance, but 
one form of resistance can be transmitted from 
resistant to susceptible bacteria by transfer of 
plasmids (extra-chromosomal genetic factors) 
from antibiotic-resistant bacteria. Antibiotic 
therapy has, in some circumstances, resulted in 
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a great increase in the incidence of antibiotic- 
resistant infections, particularly among hospital 
patients, and this emphasises the importance of 
avoiding their indiscriminate use. 

Diminished resistance to infection 

There is a wide range of individual ‘natural’ 
resistance to microbial infections among appar- 
ently normal individuals. This is largely un- 
explained, but it is apparent that variations in 
susceptibility to some infections are related to 
the individual’s ‘transplant’ iso-antigens (see 
above). In passing, it is worth noting that simi- 
lar associations with HLA antigens have re- 
cently been claimed for many diverse diseases 
of obscure nature, e.g. disseminated sclerosis, 
the connective tissue diseases and lymphoid 
neoplasia. These observations may throw light 
on genetic factors in disease, and help to ex- 
plain the nature of ‘constitutional’ predisposi- 
tion and resistance. 

Impaired resistance to infection can occur in 
many ways. Examples of defects in local bar- 
riers to invasion have been given earlier in this 
chapter. Normal phagocytic function, immune 
responsiveness and complement function are all 


essential factors contributing to the range of 
protective mechanisms. A serious fall in the 
number of polymorphs in the blood, as in agran- 
ulocytosis, predisposes to bacterial invasion 
and severe, spreading infections, e.g. of the 
pharynx and intestine, by both commensals 
and more highly pathogenic bacteria. Genetic- 
ally-determined defects of polymorph function 
also predispose to bacterial infection. These 
polymorph abnormalities are considered in 
Chapter 17. There are also many diseases 
which impair specific immune responses; they 
include the rare congenital immunological de- 
ficiency states and also acquired diseases which 
involve the lymphoid tissues and affect their 
immunological functions (pp. 169-72). 

In other diseases, predisposition to infection 
is well known but unexplained. A good ex- 
ample is diabetes mellitus, in which boils and 
urinary tract infections are common and there 
is a predisposition to tuberculosis: it may be 
that phagocytic activity, which requires the 
energy provided by glycolysis, is impaired by 
the defective carbohydrate metabolism of dia- 
betes. 

Two important reactions to infection are leu- 
kocytosis and fever, accounts of which follow. 


Polymorphonuclear Leukocytosis 


The number of neutrophil polymorphs in the 
blood, normally 2-5-7-5 x 10 9 /litre in older chil- 
dren and adults, increases in various patho- 
logical conditions. The increase is a controlled 
reaction and when the cause subsides the leu- 
kocyte count returns to the normal level for 
that individual. This account deals with the 
causes and mechanisms of such a neutrophil 
leukocytosis and with the changes in the haemo- 
poietic marrow responsible for increased leu- 
kocyte production. The proliferation of leu- 
kocytes in myeloid leukaemia is neoplastic rather 
than reactive and is described in Chapter 16. 



Neutrophil leukocytosis occurs in association 
witfa acute inflammatory reactions, tissue nec- 
rosis, thrombosis, haemorrhage, acute lysis of 


red cells, and sometimes cancer. A mild poly- 
morph leukocytosis occurs in pregnancy and 
also results from strenuous exercise, severe 
mental stress, and from injection of glucocor- 
ticoids, corticotrophin or adrenaline. By far the 
commonest cause in clinical medicine is in- 
flammation due to bacterial infection, and in 
general the degree of leukocytosis correlates 
with the size of the inflammatory lesion and the 
intensity of polymorph emigration in the in- 
fected tissues. Pyogenic infections, due for ex- 
ample to virulent staphylococci, streptococci, 
pneumococci or coliform bacilli, are accom- 
panied by a brisk leukocytosis, the height of 
which depends partly on the duration and 
partly on the extent of the infection, A boil or 
acute appendicitis may induce a moderate rise, 
e.g. to 10 x 10 9 polymorphs per litre, while a 
large abscess, acute bacterial pneumonia or 
general peritonitis are commonly accompanied 
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by a count of 20 x 10 9 /1 or more. In some severe 
infections with pyogenic bacteria, e.g. strep- 
tococcal septicaemia or pneumococcal pneu- 
monia, there may be absence of leukocytosis, or 
even leukopenia, and this usually indicates 
overwhelming toxaemia and is a bad prognos- 
tic sign. In some severe infections, e.g. gas gan- 
grene due to Cl. welchii, polymorph emigration 
is less intense, and the increase in polymorphs 
in the blood is less marked, while the acute in- 
flammatory lesions of the intestine caused by 
the typhoid and paratyphoid bacilli are vir- 
tually devoid of polymorphs (Fig. 7.4) and 
there is actually a fall in the number of poly- 
morphs in the blood. Many virus infections, 
particularly in the early stages, are also accom- 
panied by a neutrophil leukopenia. 

Necrosis of tissue, for example myocardial 
infarction, causes a slight or moderate neutro- 
phil leukocytosis, and extensive thrombosis, 
e.g. in the leg veins, or severe haemorrhage, 
both have a similar effect. 

Leukocytosis may develop within a few 
hours of the onset of a bacterial infection and 
is of diagnostic value. This early rise is due 
partly to release of many polymorphs which 
normally lie marginated in the venules of the 
lungs and elsewhere, and partly to release of 
polymorphs lying in the sinusoids of the haemo- 
poietic marrow. Soon, however, there is an 
increased rate of formation of polymorphs in 
the marrow and the leukocytosis is thus main- 
tained. It appears from recent obse;rvations that 
the life of the neutrophil polymorph in the 



Fig. 7.4 Inflammatory infiltration of the muscular 
layer of the small intestine in typhoid fever, showing 
mononuclear cells and absence of polymorphs, x 150. 


blood is probably not more than 12 hours, and 
since there are approximately 5 litres of blood 
containing about 4x10® polymorphs per litre, 
the normal daily production must be at least 
4 x 10 10 . In a suppurating infection, ten times 
this number may be lost daily for weeks or 
months in the pus discharging from an abscess, 
while at the same time the blood level may be 
maintained at 20 x 10 9 /litre or more. It is thus 
apparent that the output of polymorphs is cap- 
able of enormous and sustained increase, and 
the process responsible for this is hyperplasia of 
the bone marrow, considered below. 

Production of polymorphs (Granulopoiesis) 

In the normal adult, production of the granu- 
locyte or myeloid series of leukocytes is re- 
stricted to the haemopoietic marrow, where it 
occurs along with the production of red cells, 
platelets and monocytes. All these cells, and 
also lymphocytes (p. 118), originate from hae- 
mopoietic stem cells, which give rise to more 
stem cells and also to cells of more restricted 
potential: some are progenitors of red cells, 
others of megakaryocytes, while recent obser- 
vations have demonstrated progenitor cells 
capable of giving rise to both polymorphs and 
monocytes (see below). 

Because of their basic role in haemopoiesis, 
haemopoietic stem cells are dealt with in the 
chapter on blood (p. 504). 

Stages of granulopoiesis. The earliest re- 
cognisable granulocyte precursor is termed a 
myeloblast: small numbers of these are present 
in normal haemopoietic marrow and they 
divide to give rise to a population of cells which 
undergo successive multiplications and form 
the largest cell population in the marrow. This 
proliferation is accompanied by a continuous 
process of differentiation up to the granulocyte 
stage: representative stages are illustrated in 
Fig. 7.5. Throughout the process the ratio of 
cytoplasm to nucleus increases and after initial 
enlargement up to the early myelocyte stage, 
diminution in size is a feature of differentiation. 
In the primitive stages the nucleus is large, 
ovoid or indented, and the chromatin is finely 
distributed. Gradually the nucleus shrinks, be- 
coming more deeply staining, and eventually it 
becomes elongated giving the ‘band form’, fol- 
lowed by division into lobes, the number of 
which increases during the late stages of matur- 
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Myeloblast: non-granular (oxi- 
dase-negative), basophilic 
cytoplasm (rich in RNA); 
nucleus roughly spherical, 
with dispersed chromatin 
(cuchromatin), and contain- 
ing 2 or more nucleoli. 10-18 
fim diameter. 


Promyelocyte: a few primary 
(oxidase positive) cyto- 
plasmic granules; basophilic 
cytoplasm; nucleus spherical, 
still with dispersed chrom- 
atin and nucleoli. 12-18 pm 
diameter. 


Myelocytes: cytoplasm less 
basophilic; primary granules 
disappear and secondary 
granules develop — they are 
strongly oxidase-positive and 
specific (neutrophil, eosino- 
phil or basophil). Nucleus 
spherical or ovoid with some 
condensation of chromatin 
(heterochromatin). Active 
mitosis occurs at this stage. 
12-18 pm diameter. 


Metamyelocyte: cytoplasm 

only faintly basophilic (poor 
in RNA), with many specific 
granules and no primitive 
granules. Nucleus becoming 
elongated, smaller and more 
condensed. 12-15 pm dia- 
meter. 


Polymorphonuclear leukocyte: 
cytoplasm as in metamyelo- 
cytes; nucleus smaller, and 
chromatin more condensed, 
at first horse-shoe shaped, 
later lobulated. 10-15 pm 
diameter. 


Fig. 7.5 Cells in haemopoietic marrow representing 
stages of granulopoiesis; from the myelocyte stage, 
only neutrophil cells are illustrated. Leishman stain 
x 1000. (Dr. R. Brooke Hogg.) 


ation of the polymorph in the marrow and in 
the blood. In preparations stained by a Rom- 
anowsky dye (e.g. Leishman’s, Wright’s, 
Jenner’s or Giemsa stains), the cytoplasmic 
changes are as described in Fig. 7.5: from the 
myelocyte stage, there is not sufficient RNA to 
impart strong basophilia, and the cytoplasm is 
pale blue. Lysosomal granules appear in the 
cytoplasm in the promyelocyte stage: at first 
they are large and stained reddish-blue, but in 
the myelocyte stage these early granules are 
gradually replaced by granules specific for neu- 
trophil, eosinophil or basophil polymorphs. In 
the neutrophil myelocytes the granules are 
small and are stained reddish or purple: in the 
eosinophil they are larger and bright orange, 
while in the basophil they are large and dark 
blue. These characteristic granules persist in the 
three types of mature granulocytes or poly- 
morphs. In an early neutrophil leukocytosis 
there is an increased proportion of young cells 
and even myelocytes may appear in the blood. 

Leukocytosis is brought about by hyper- 
plasia, (i.e. an increase in the number of cells), in 
the haemopoietic marrow, and the proportion 
of myeloid cells, and particularly of myelocytes, 
is increased. This is termed a granulopoietic 
reaction and is analogous to the erythroblastic 
reaction in response to an increased require- 
ment of red cells, e.g. after haemorrhage. The 
fat cells normally present in haemopoietic (red) 
marrow diminish in number as the cellularity 
increases (Fig. 7.6) and also foci of haem- 
opoietic tissue arising from stem cells appear in 
the yellow fatty marrow of the long bones. 
These foci extend rapidly and in a severe pro- 
longed suppurating infection much of the 
yellow marrow in the shafts of the femur and 
other long bones may be replaced by red 
marrow, the change starting in the upper ends 
of the bones and extending downwards. All the 
cellular constituents of normal marrow are pre- 
sent in this newly formed haemopoietic tissue, 
but myelocytes and later forms predominate 
(Figs. 7.7, 7.8). 

Factors controlling granulopoiesis. It has long 
been known that many substances promote a 
neutrophil leukocytosis when injected into ani- 
mals: they include peptones, digestion pro- 
ducts of nucleic adds, and metabolic products 
and extracts of bacteria. Such observations 
have not helped much in the elucidation of the 
mechanisms of leukocytosis, but investigations 
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Fig. 7.7 Smear preparation of sternal marrow during 
a granulopoietic reaction. Note granular myelocytes in 
mitosis and various stages of transition to polymor- 
phonuclear leukocytes, x 600. 


involving the culture of marrow cells in vitro 
have proved more successful. When cultured in 
a suitable semi-solid medium, the growth of 
myeloid cells requires the presence of a factor 
(colony stimulating activity or CSA) which 
stimulates the proliferation of individual cells to 
form discrete colonies. At first, the proliferat- 
ing cells are mainly or entirely granulocyte pre- 
cursors, but as the numbers increase some of 
the cells differentiate into polymorphs and 
others into monocytes. Since such colonies are 
derived from single cells, this is good evidence 
of a common precursor of polymorphs and 
monocytes. CSA can be extracted from most 
tissues (including haemopoietic marrow) and is 
present in the serum and urine. It is now 
known to be produced by monocytes, macro- 


Fig. 7.6 Sections of haemopoietic marrow illustrat- 
ing hyperplasia associated with neutrophil leukocy- 
tosis. Top, normal marrow. Middle, marrow showing 
increased cellularity in a patient with leukocytosis of 
short duration. Bottom, marked hyperplasia of 
marrow in a patient with prolonged leukocytosis: the 
fat cells have been replaced by haemopoietic cells, 
x 315. 
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Fig. 7.8 Smear preparation of marrow showing 
finely granular myelocytes and transitions to poly- 
morphonuclear leukocytes, x 1000. 

phages, vascular endothelium and stimulated 
lymphocytes. Assay of CSA by its effect on 
marrow culture is difficult and complex. This is 
probably because it is produced by monocytes 
in the culture, and in heavily seeded cultures 
sufficient CSA is produced to promote colony 
formation. It now seems likely that local pro- 
duction of CSA in haemopoietic marrow is 
important in the physiological production of 


neutrophil polymorphs and monocytes. Mature 
neutrophils produce a factor (possibly lactofer- 
rin) which inhibits leukopoiesis and thus pro- 
vides a negative feedback mechanism. Shortly 
after an injection of bacterial endotoxin, a poly- 
morph releasing factor appears in the plasma, 
and has the effect of releasing mature neutro- 
phil polymorphs from the marrow sinusoids 
into the blood. It may be that, by thus reducing 
the production of the neutrophil inhibitory 
factor in the marrow, this allows hyperplasia 
with production and release of more granulo- 
cytes. Bacterial endotoxin also increases the 
production of CSA by monocytes in culture 
and in vivo, and so it may reduce the negative 
feedback in the marrow and also directly stim- 
ulate leukopoiesis. 

Other factors of possible importance include 
a lipoprotein present in normal plasma which, 
when added to marrow cell cultures, is said to 
increase the production of monocytes at the 
expense of polymorphs. A factor is also pro- 
duced by polymorphs in culture fluid which 
inhibits proliferation of early polymorph pre- 
cursors in culture. 

Although these observations promise con- 
siderable advances in our understanding of 
polymorph production, their relevance to natu- 
ral neutrophil leukocytosis in man is still not 
known. 


Pyrexia (Fever) 


In this account, pyrexia and fever are used 
synonymously to mean a rise in the internal 
temperature of the body (‘core temperature’) to 
levels above, the normal range. Traditionally, 
fever is also used in the nomenclature of vari- 
ous diseases (usually infections) in which pyr- 
exia is a prominent feature, e.g. typhoid fever, 
yellow fever and cerebrospinal fever. Doubtless 
both these usages will continue. 

Body temperature is controlled partly by re- 
flexes initiated by the thermo-sensory nerve 
endings in the skin, and partly by a central con- 
trol mechanism in the hypothalamus. 

, The peripheral reflex control mechanism can 
be demonstrated simply by observing a fall in 
the temperature of the skin of the left hand 
when the right hand is immersed in cold water. 


This is brought about by impulses from the 
cold receptors in the chilled skin (of the right 
hand) which stimulate sympathetic vasocon- 
strictor fibres supplying the skin and subcuta- 
neous tissues in general. The result is a reduc- 
tion in heat loss and maintenance (or even rise) 
of the core temperature. This experiment works 
when the blood flow through the right arm is 
arrested by a pressure cuff, and so is not de- 
pendent on the temperature of the blood reach- 
ing the hypothalamus. In experimental animals, 
the reflex can be elicited even when the spinal 
cord has been transected at a higher level, and 
so is not attributable to sensory impulses reach- 
ing the brain. 

The central thermo-regulatory mechanism 
may, for practical purposes, be likened to a 
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thermostat. The thermo-sensory centre, shown 
in animals to be in the anterior hypothalamus, 
responds to variations in the temperature of the 
blood flowing through it, and may be de- 
monstrated experimentally by direct heating of 
the anterior hypothalamus, which results in a 
fall in the core temperature. Signals from the 
thermo-sensory centre influence the activity of 
other hypothalamic centres which regulate the 
physiological processes responsible for heat 
production and heat loss, thus controlling the 
core temperature. It is not known how the 
thermo-sensory centre responds to variations in 
local temperature. Experimental studies suggest 
that release of catecholamines and 5-hydroxy- 
tryptamine by nerve endings in the anterior 
hypothalamus are important in the control of 
temperature in extreme environmental condi- 
tions, and that there are marked species differ- 
ences in the influence of these monoamines on 
body temperature. Under moderate environ- 
mental conditions, however, their depletion or 
inhibition does not seriously influence tempera- 
ture control. 

Fever accompanying infections and various 
other pathological conditions is attributable to 
a humoral effect on the hypothalamic thermo- 
sensory centre (analogous to the thermostat 
being set high). It is important to distinguish 
this from conditions in which the centre is 
functioning normally but, for various reasons, 
heat loss cannot keep pace with heat gain, and 
so the body temperature rises, e.g. during vigo- 
rous exercise in a hot, moist atmosphere. 

Disturbances of the thermo-sensory centre 

It has long been realised that injection of dead 
bacteria or bacterial products induces fever. A 
number of such products, termed exogenous 
pyrogens, have been detected in filtrates of cul- 
tures of various bacteria and fungi, but the 
endotoxins of Gram-negative bacteria have 
been most extensively investigated. On injec- 
tion into rabbits, these phospholipid-poly- 
saccharide-protein complexes or lipid A (p. 
178) induce fever in about 1 hour, and this is 
followed by a refractory period in which fur- 
ther injections of endotoxin are ineffectual. 
Following injection of endotoxin or other exo- 
genous pyrogen into rabbits, a second pyro- 
genic factor appears in the plasma; this causes 
fever in about 20 minutes following injection 


into a second rabbit, and differs from endo- 
toxin in being pyrogenic in rabbits rendered re- 
fractory to endotoxin. This second pyrogen, 
now called endogenous (or leukocyte) pyrogen 
(EP), has also been detected in the plasma of 
animals in the early stages of febrile bacterial 
and viral infections. It is produced when sus- 
pensions of human or rabbit polymorphs or 
monocytes are stimulated by endotoxin or by 
readily phagocytosed material such as dead 
bacteria or antigen-antibody complexes, and 
when macrophages are activated by lym- 
phocytes in delayed hypersensitivity reactions 
(p. 1 59). Synthesis of RNA and protein is neces- 
sary for EP production, which in polymorphs 
starts about 2 hours after stimulation: 
monocytes take longer but secrete much more 
EP than polymorphs, and the EPs produced by 
the two cell types differ in their molecular 
weights. Polymorphs and macrophages 
obtained from inflammatory exudates produce 
EP spontaneously when incubated in culture 
medium, indicating that they have been stimu- 
lated in vivo. 

These various observations suggest that 
many of the agents capable of inducing fever 
act by stimulating production of EP. In addi- 
tion to its production by human leukocytes in 
vitro, EP has been demonstrated in in- 
flammatory exudates in man. Its detection in 
human plasma during infective fevers has 
proved difficult, but this is not surprising be- 
cause fever can be induced in man by injection 
of amounts of EP too small to provide a detect- 
able level in the recipient’s plasma. EP has, 
however, been demonstrated in human plasma 
at the onset of a bout of malarial fever. Further 
investigations on EP would be greatly helped 
by a more sensitive method for its detection 
than that depending on production of fever in 
experimental animals. 

The fever which accompanies tissue destruc- 
tion, e.g. myocardial infarction, or necrotic 
tumours, is probably also mediated by EP re- 
leased by phagocytes in the inflammatory reac- 
tion to the necrotic tissue, although it may be 
that tissue cells can also release pyrogens. 

Effector mechanisms of fever (Fig. 7.9) 

Although fever cannot be regarded as a phy- 
siological reaction, it is nevertheless brought 
about by stimulation of the physiological mech- 
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phagocytic activity, 
delayed hyper- 
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Skin vasoconstriction 
Increased muscle tone, 
shivering 

Increased muscle and 
liver metabolism 

t 

FEVER 

Fig. 7.9 The probable mechanism of fever in bac- 
terial infections, etc. 

anisras for heat production and inhibition of 
those responsible for heat loss. For example, 
the shivering which accompanies a sharp rise of 
temperature is the normal response to a cold 
environment, and is associated with increased 
catabolic activity and heat production in the 
skeletal muscles. The coldness and pallor of the 
skin at the onset of fever are due to cutaneous 
vasoconstriction and, together with ‘gooseflesh’ 
(contraction of the pilo-erector muscles) and 
inhibition of sweating, are part of the normal 
heat-saving reaction to cold. Heat production 
is also increased in fever, as it is in a cold clim- 
ate, by increased metabolic activity, par- 
ticularly in the skeletal muscles (see above) and 
liver. This is mediated in part by stimulation of 
the sympathetic system and increased cate- 
cholamine secretion, and eventually thyroid 
activity may increase. A high caloric diet is 


necessary to provide the fuel needed to maintain 
the body at temperatures above normal, failing 
which catabolism of endogenous fat and pro- 
tein increases, resulting in a negative nitrogen 
balance and, especially in children, keto-acido- 
sis. These catabolic activities account for the 
wasting commonly seen in patients with pro- 
longed fever,* and the metabolic status in fever 
is, in fact, closely similar to that following 
injury (p. 265): in both, a warm environment 
and a high caloric intake, including increased 
protein, are beneficial. 

Not only is the ‘thermostat set high’ in fever, 
but it is unstable, so that the temperature com- 
monly fluctuates, and is readily affected by 
environmental conditions. As described above, 
a rise of temperature is achieved by increasing 
heat production and reducing heat loss by phy- 
siological mechanisms. Conversely, a fall of 
temperature, either during or at the end of a 
fever, is accomplished by reduction in cata- 
bolism and by cutaneous vasodilatation and 
sweating. The skin is flushed, warm and moist, 
and the patient feels hot. During fever, the 
degree of increased metabolic activity, etc. will 
depend largely on the environmental conditions 
and, in a chilling environment, on the degree of 
insulation of the body by clothing. 

Heat production and loss are regulated by 
centres in the posterior hypothalamus, includ- 
ing one which influences activity of the sympa- 
thetic system, and a second which appears to 
control muscle tone and induction of shivering. 
When injected into the anterior hypothalamus, 
EP induces fever within minutes. It now ap- 
pears likely that EP does not act on the 
thermo-sensory centre directly, but by stimulat- 
ing the production of prostagladins of the E 
series (PGE) in various parts of the brain, in- 
cluding the anterior hypothalamus. This view is 
supported by the following observations. (1) 
High levels of PGE are present in the cerebro- 
spinal fluid during fever induced by endotoxin. 
(2) Injection of minute amounts of PGEj or E 2 
induce fever in various species when injected 
directly into the anterior hypothalamus or third 
ventricle. (3) Aspirin-like drugs, which inhibit 
the synthesis of prostaglandins (p. 56) prevent 
the induction of fever by endotoxin (or by EP) 
but have no effect on fever induced by PGE. In 
the cat, PGE 2 is mainly involved, but other 


;* The 614 adage ‘starve a fever; feed a cold’ had little metabolic justification. 
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prostaglandins may be concerned in other 
species. 

The role of prostaglandins explains the fever 
associated with induction of labour in pregnant 
women by an infusion of PGE 2 ; it would account 
also for the antipyretic effect of aspirin and simi- 
lar drugs. 

Cortisone is also antipyretic, but its inhibitory 
effect on production of EP by leukocytes stimu- 
lated by endotoxin, etc., probably accounts for 
this. 

Effects of fever 

The ill-effects of fever include general malaise, 
anorexia and increased catabolism. When the 
temperature rises to 41-6°C (107°F), there is a 
danger of direct thermal injury to various 
tissues, and particularly to cerebral neurones. 
In general, there is no evidence that fever has a 
beneficial effect, and its reduction by antipy- 
retic drugs or by cooling the body does not 
seem to influence the course of infections. 
Apart from the spirochaete of syphilis and 
gonococcus (the cause of gonorrhoea), micro- 
organisms in culture do not appear to be adver- 
sely affected by moderate rises in temperature. 
The effects of fever on viruses are complex and 
require further investigation. 

The spontaneous movement of neutrophil 
polymorphs in vitro and their response to a 
chemotactic stimulus are most rapid at 40°C 
(104°F), and fever may thus enhance the de- 
fensive role of these cells in infections. 

Other causes of fever 

Lesions of the hypothalamus may cause fever 
by interfering with the functioning of either the 
thermo-sensory centre or the hypothalamic 
areas which regulate heat loss and heat produc- 
tion. In experimental animals, injury of the 
anterior hypothalamus often causes pyrexia, 
while injury of the posterior hypothalamus may 
induce hypothermia. In man, haemorrhage in 
the pons is often accompanied by fever, and 
lesions between the hypothalamus and upper 
cervical cord interfere with tracts controlling 
heat loss and production, rendering the indivi- 
dual less able to respond to environmental tem- 
perature changes, etc. 

Fever may occur in the absence of any dis- 
turbance of the thermo-sensory mechanism in 


conditions where the physiological mechanisms 
of heat loss cannot keep pace with heat produc- 
tion. This occurs in thyrotoxicosis, in which 
excess secretion of thyroid hormone stimulates 
general metabolism and physical activity and 
thus increases heat production. In normal sub- 
jects, vigorous exercise or a hot moist environ- 
ment may both cause fever, and the combina- 
tion is particularly likely to do so. Obviously, 
heat loss is influenced by the temperature and 
humidity of the atmosphere, air currents and 
insulation by clothing. These factors affect loss 
of heat by conduction, convection, radiation 
and evaporation, and also by the cooling effect 
of inspired air. Sweating is a major mechanism 
of heat loss, but is only effective if the sweat 
evaporates on the skin surface, thus extracting 
the latent heat of vaporisation. Excessive 
sweating may, however, cause dehydration and, 
if water is restored, salt deficiency. Also, 
marked cutaneous vasodilatation may impair 
the circulation. These various factors are asso- 
ciated in combinations which give rise to sev- 
eral clinical syndromes, the chief of which are 
as follows. 

1. Heat exhaustion results from physical activ- 
ity in a hot climate, particularly if the atmos- 
phere is moist. Vasodilatation in the skin and 
skeletal muscles creates a relative oligaemia, i.e. 
the filling of the enlarged vascular bed reduces 
the return of blood to the right side of the 
heart, and so cardiac output falls. Literally, 
there is not enough blood to go round. The 
heart rate increases and the blood pressure 
falls, giving a fast weak pulse, dyspnoea and 
other signs of circulatory insufficiency. The 
skin is hot and damp, and the subject feels tired 
and becomes confused. Rest and restoration of 
fluid usually bring rapid improvement. 

2. Dehydration exhaustion. When dehy- 
dration due to excessive sweating, reduced fluid 
intake, etc., accompanies heat exhaustion, all 
the features of circulatory failure are exagg- 
erated by actual, in addition to relative, reduc- 
tion in the blood volume. Dehydration in a hot 
dry climate is also increased by loss of fluid 
through the epidermis, which is not entirely 
impervious. The core temperature may be very 
high and collapse and sudden death may occur. 

3. Heat stroke. In the two conditions men- 
tioned above, heat-losing mechanisms operate, 
but are inadequate. In heat stroke, exercise in a 
hot environment, with consequent fever, leads 
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in some way to a breakdown of the control 
mechanisms, so that the heat-losing mech- 
anisms remain inactive, and the temperature 
continues to rise and may reach 43°C 
(109°F). At this temperature, brain injury is 
accompanied by coma and convulsions, and 
death or permanent brain injury results. 

4. Heat cramps. Painful cramps in the 
muscles are the result of salt deficiency. This is 
liable to occur when there is excessive loss of 
water and salt by sweating and only the water 
is replaced. 

5. Malignant hyperpyrexia. This is an un- 
usual complication of general anaesthesia, 
usually with suxamethonium but also with other 
agents. During the anaesthesia, muscle tone 
increases and the temperature rises rapidly, 
often to above 42°C (107-5°F). Cyanosis, 
shock and keto-acidosis develop and death 
may occur from cardiac arrest unless the condi- 
tion is recognised and treated. The underlying 
metabolic predisposition is not understood, but 
in some instances has been shown to run in 
families in which a raised level of plasma crea- 
tine phosphokinase has been reported. 

Hypothermia 

This may be defined as a fall in the core temper- 
ature of the body to below 35°C (95°F). It 
has no particular relevance to host-parasite re- 
lationships and is considered here simply be- 
cause the processes involved in temperature 
control, described above in relation to fever, 
are equally important in hypothermia. 

Hypothermia occurs when heat production 
fails to keep pace with heat loss. In robust 
adults, this occurs only in conditions of ex- 
treme heat loss, such as immersion in the sea or 
exposure on mountains. However, factors 


which interfere with heat production pre- 
dispose to hypothermia in less rigorous en- 
vironmental conditions. Because of their 
relatively large surface area and thin layer of 
insulating fat, infants, particularly if premature, 
are especially liable to it. Old people, espe- 
cially women, living in cold surroundings on an 
inadequate diet, are particularly prone to develop 
hypothermia in winter. Predisposing diseases 
include hypothyroidism, generalised skin dis- 
eases, psychiatric disturbances and conditions 
which impair consciousness, metabolic or phy- 
sical activity, e.g. alcoholism, narcotic drugs, 
paralysis, severe trauma and general states of 
disability. 

Pathology. In general, metabolic processes 
decline rapidly below 33 r 'C (91°F) and the 
cardiac output, blood pressure and respiratory 
rate fall. Fluid leaks from the microvessels with 
consequent haemoconcentration and increased 
blood viscosity. Blood flow to the tissues is fur- 
ther impaired by peripheral vasoconstriction; 
hypoxia and C0 2 retention increase and a com- 
bination of respiratory and metabolic acidosis 
develops. Below 25 U C (77°F), the thermo- 
regulatory mechanism ceases to function, 
and death results from cardiac arrest. 

The changes found at necropsy include 
venous thrombosis, multiple small infarcts in 
various organs, pulmonary haemorrhages and 
bronchopneumonia. Acute pancreatitis is a 
common complication in patients who survive. 

Induction of hypothermia to reduce the 
metabolic requirements of the brain and other 
organs was formerly practised in surgical 
procedures involving interruption of the circu- 
lation, but it carries a risk of ventricular fibril- 
lation and is now used only occasionally in 
association with a pump to maintain the circu- 
lation. 


Further Reading 


Mims, C. A. (1976). The .Pathogenesis of Infectious See also bibliography for Chapter 8 (pp. 224-5). 
Disease, pp. 246. Academic Press, London and 
New York; Grune and Stratton, New York. 
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Types of Infection 


Within living memory, infective disease was the 
major cause of death throughout the world, 
and the elimination or reduction in the in- 
cidence of most of the important infections 
largely accounts for the greatly increased life- 
span in technologically advanced communities. 
Many factors have contributed to this decline of 
serious infections: they include improved stan- 
dards of community and personal hygiene, better 
nutrition and housing, prophylactic immun- 
isation and antimicrobial therapeutic agents. 

In spite of these great triumphs, infective dis- 
ease is still of considerable importance: it re- 
mains the major cause of death in many tropi- 
cal and subtropical countries where, in addition 
to bacterial and viral infections, protozoal and 
metazoal parasites account for a great deal of 
illness. Even in countries where infections have 
been greatly reduced, many problems remain. 
The common cold is as common as ever, and 
upper respiratory virus infections are the major 
cause of absenteeism from school, office and 
factory. The rise in the volume and speed of 


world travel has increased greatly the risk of 
epidemics of influenza, cholera, etc. Even anti- 
biotics have not proved an unmixed blessing, 
for their use has resulted in the spread of resist- 
ant pathogenic bacteria, particularly in hos- 
pitals. There are, moreover, a number of im- 
portant diseases which may eventually prove to 
be due to infections, for example rheumatoid 
arthritis, multiple sclerosis, ulcerative colitis 
and sarcoidosis. Virus infections may also 
prove to be important causal factors of the 
lymphoid neoplasms, including Burkitt’s lym- 
phoma and lymphatic leukaemia, and of other 
forms of cancer. 

This chapter gives a brief account of the var- 
ious types of infection and describes some of 
the more important examples. As with other 
forms of disease, the effects of infection depend 
not only on the nature of the lesion, but also 
on its site in the body, and for this reason the 
special features of infection of the lungs, kid- 
neys, brain, etc., are described in the ap- 
propriate systematic chapters. 


Virus Infections 


Of all the pathogenic organisms which affect 
man, viruses show the most extreme degree of 
parasitism. In the extracellular state viruses are 
metabolically inert and depend absolutely on 
the metabolism of the host cell for their replica- 
tion. Basically, all viruses consist of a protein 
shell or capsid surrounding and protecting the 
nucleic acid — which may be either DNA or 
RNA. The virion or complete infectious particle 
of some viruses has an additional outer layer, 
or envelope, partially derived from the plasma 
membrane of the host cell. When a virus enters 
a susceptible host cell, the nucleic acid is re- 


leased from the capsid and becomes func- 
tionally active: it is either transcribed into 
messenger RNA, or acts itself as messenger 
RNA, which re-directs the synthetic pathways 
of the host cell to manufacture components for 
new virus particles. This involves the replica- 
tion of nucleic acid molecules and the produc- 
tion of proteins which include both the non- 
structural proteins (e.g. enzymes) necessary for 
viral replicative processes and also the struc- 
tural proteins which become incorporated in 
the capsid of new virus particles. 

Apart from those viruses which enter the 
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host by the bite of an insect (e.g. yellow fever), 
or in the case of rabies virus by the bite of an 
animal, all parasitic viruses must enter the body 
by invading the surface epithelial cells of some 
part of the body. In many instances the site of 
initial infection is in the respiratory or ali- 
mentary tracts. 

In man, most virus infections are mild and 
are followed by complete recovery. Many infec- 
tions are entirely symptomless and immunity to 
reinfection is acquired without serious disturb- 
ance at the time of primary infection. Although 
latent infection with virus may continue for 
months or occasionally even for years, viruses 
do not form a non-invasive flora in the way 
that some bacteria do. A few virus infections, 
such as smallpox, regularly cause serious dis- 
ease and even viruses such as herpes simplex or 
the enteroviruses, which generally cause mild or 
symptomless infection, may occasionally give 
rise to severe disease in an unusually suscep- 
tible host (Fig. 21.40, p. 756). Viral infections, 
especially of the respiratory tract, are extremely 
common in the community and are, in general, 
more frequent in childhood than in adult life. 

Viruses are structurally simple parasites and 
do not produce disease by the elaboration of 
toxins as bacteria do. Lesions in viral infections 
are due to direct invasion of body tissues with 
subsequent cell damage due to the effect of 
viral replication in the host cells. In most clini- 
cally-apparent virus infections, replication of 
the virus is accompanied by death of the in- 
fected cell (Fig. 8.1). Some viruses induce 
fusion between infected and adjacent non- 
infected cells, with the formation of multinuc- 
leated giant cells, for example the Warthin- 
Finkeldey cell of measles (Fig. 18.8, p. 572). 
Such giant cells usually die, at least in tissue 
culture preparations, but their formation may 
be important in allowing virus to spread with- 
out entering the surrounding medium. There is 
increasing evidence that the immune response 
of the host may sometimes play an important 
role in causing lesions — for example in the de- 
velopment of bronchiolitis due to respiratory 
syncytial virus, which may be at least partly 
due to a hypersensitivity reaction in the lungs 
of the host. In arbovirus encephalitis, it has 
been postulated on the basis of some results of 
animal experiments that the lesions may be due 
to virus^-antibody complexes inducing a type 3 
hypersensitivity reaction rather than to the 



Fig. 8.1 Part of a vesicular skin lesion in varicella, 
illustrating virus-induced cell injury. The virus has 
replicated in the epidermal cells, resulting in cell 
death. The resulting epidermal defect has then 
become distended with inflammatory exudate, form- 
ing the vesicle. Note the swelling and hyperchrom- 
atic nuclei of the colonised epidermal cells, lying free 
in the vesicle and in the underlying epidermis, x 96. 
(The late Professor J. A. Milne.) 

direct effect of the virus on the cells of the 
brain. 

Unlike some bacterial infections, virus dis- 
eases are not usually accompanied by a poly- 
morphonuclear leukocytosis, but a lymphocytosis 
is common. Most are associated with fever, and 
rash and lymphadenopathy are quite com- 
monly seen. In the acute phase of virus infec- 
tion a protein, interferon, can be detected in the 
blood and tissues. Interferon is released from 
cells in response to virus infection and when 
taken up by other cells makes them refractory 
to virus infection. Although the production of 
interferon is induced by virus, the protein itself 
is a species-specific cellular protein. It is not 
virus-specific in its antiviral effect but inhibits 
virtually all viruses. Interferon production is an 
important host defence mechanism against virus 
infection and is probably the major factor in 
bringing about recovery from acute virus infec- 
tions. Although specific neutralising antibody 
is responsible for immunity to re-infection, it 
begins to appear in the bloodstream only when 
the acute infection is subsiding. It is notable 
that infants with immunological deficiencies 
resulting in impairment of T-lymphocyte func- 
tion (p. 170 et seq .) are prone to develop chro- 
nic progressive vaccinia (vaccinia gangrenosa) 
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following vaccination, and chronic infection 
with measles virus has also been reported. This 
provides evidence that cell-mediated immunity 
plays an important role in limiting viral lesions 
in normal individuals. 

Distribution of lesions in virus infections 

In some instances, the main lesion is at the site 
of the initial infection. For example, the virus 
responsible for influenza gives rise to a local- 
ised infection which spreads rapidly through- 
out the epithelial lining of the larger air pas- 
sages of the respiratory tract. This results in 
epithelial necrosis of varying extent, and the 
cell injury and loss results in acute in- 
flammatory oedema, which is the major clinical 
feature of influenza. The severity of the illness 
depends on the extent of epithelial necrosis, but 
secondary bacterial infection of the damaged 
mucosa is also of importance, especially in 
major epidemics. Influenza virus may enter the 
bloodstream, but appears unable to replicate 
successfully in the cells of other tissues. Other 
examples of virus infections which remain local- 
ised, and produce lesions mostly at the site of 
initial infection, are molluscum contagiosum 
(p. 1054) and the common cold. 

In many other instances, the initial infection 
is clinically silent, but the virus invades various 
other tissues and organs and produces char- 
acteristic lesions in them. Thus in varicella the 
initial infection is probably in the respiratory 
tract. From there the virus spreads widely, in- 
vading the blood (viraemia) and many other 
tissues and organs. The characteristic vesicular 
lesions in the skin are due to invasion of the 
epidermal cells, and are one manifestation of 
the systemic infection. Suppuration of the skin 
lesions (pustulation) is due to secondary bacter- 
ial infection. The childhood fevers, e.g. measles, 
mumps, rubella (and also smallpox) are other 
examples of generalised virus diseases which fol- 
low initial infection via the respiratory tract. 

Because of the mode of virus spread in vari- 
cella, the incubation period between initial in- 
fection and appearance of symptoms is about 
14 days, and it may be even longer in some 
other exanthemas, e.g. measles and mumps. 
Poliovirus also spreads in a complex fashion 
within the body: following ingestion of the 
virus, there is an initial infection of the Peyer’s 
patches in the small intestine. The virus then 


spreads to the regional lymph nodes, and in 
some instances produces viraemia. In a few 
individuals (e.g. about 1 per cent of those in- 
fected with poliovirus type 1) the organism in- 
vades the anterior horn cells of the spinal cord 
(Figs. 21.44 and 21.45, p. 759), causing para- 
lytic poliomyelitis. The intestinal infection is 
clinically silent, but it nevertheless results in the 
development of antibody in the blood and in 
the appearance of IgA antibody in the gastro- 
intestinal tract (p. 175): immunity is thus pro- 
vided against subsequent infection with the 
same type of poliovirus. 

Persistent virus infections are known to occur 
in man. Herpes simplex virus, for example, 
remains latent within the trigeminal ganglion 
but becomes activated from time to time, e.g. 
during pneumonia or other febrile illness, to 
produce vesicles around the mouth. Varicella 
virus also commonly remains latent, and may 
subsequently become active and replicate 
within the cells of the dorsal root ganglia to 
produce an attack of zoster (Fig. 21.43, p. 757). 

There is considerable interest at present in 
slow virus infections, which may be defined as 
virus diseases having a long incubation period, 
in some instances years, and a prolonged and 
progressive course. Such diseases have been 
demonstrated to occur in certain animals, e.g. 
Aleutian disease of the mink, and it seems very 
likely that kuru (p. 761) and Creutzfeldt-Jakob 
disease are examples in man. The agent of scra- 
pie, a widespread chronic disease of sheep, is 
most unusual in its remarkable resistance to 
heat and viricidal chemicals. 

Active immunity can readily be produced by 
the administration of attenuated viruses, e.g. 
Sabin poliovirus vaccine, measles and yellow 
fever vaccines, and also — although somewhat 
less effectively — by inactivated viruses, e.g. in- 
fluenza and rabies vaccines. Naturally-acquired 
immunity after virus infection is generally life- 
long and is due to the development in the blood 
of antibodies which neutralise the infectivity of 
viruses. However, in a few virus diseases, re- 
infections or repeated infections are common. 
This may be due to the existence of numerous 
serologically distinct strains of virus, e.g. the 
common cold, or to the virus undergoing anti- 
genic variation, e.g. influenza. In the case of 
certain viruses, and especially herpes simplex 
and varicella-zoster viruses, reactivation of 
virus in the tissues despite the presence of cir- 
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culating antibody is not uncommon. The re- 
currences of infection are probably due to the 
ability of these viruses to remain latent within 
cells and to spread on re-activation directly 
through cell walls to infect neighbouring cells. 
The presence of antibodies in people who have 


experienced a virus infection can be demon- 
strated by various in-vitro tests such as comple- 
ment fixation, haemagglutination-inhibition 

and neutralisation tests. 

The possible role of virus infections in neo- 
plasia is considered in Chapter 1 1 . 


Acute Bacterial Infections 


The several processes which constitute the 
acute inflammatory reaction have been de- 
scribed in Chapter 3. They are basically the 
same in all acute inflammatory reactions, in- 
cluding those due to bacterial infections, but 
they differ in detail depending on the properties 
of the causal agent and the special features of 
the tissue involved. In some lesions, for ex- 
ample, inflammatory oedema may be unusually 
severe, while in others emigration of poly- 
morphs or fibrin deposition may be predomi- 
nant. In consequence of these variations, some 
acute inflammatory lesions, usually due to in- 
fections, present sufficiently characteristic ap- 
pearances to warrant the use of the following 
descriptive terms. 

Catarrhal inflammation. Acute inflammation 
of a mucous membrane is accompanied by 
glandular secretion, usually of thin watery 
fluid. Injury to the surface epithelium, together 
with inflammatory exudation from the super- 
ficial underlying vessels, results in detachment 
of the epithelial cells, either singly or in sheets 
(Fig. 8.2), and the detached cells are carried 
away in the mixture of secretion and exudate. 
When the infection subsides, the epithelium is 
quickly restored by proliferation of surviving 
cells, although prolonged or recurrent catarrhal 
infections may result in formation of granula- 
tion tissue and eventually fibrosis, and altera- 
tion of the epithelium to a less specialised or 
sometimes to squamous type. 

The best known example of acute catarrhal 
inflammation — the common cold or coryza — is 
initiated by virus infection of the nasal mucosa, 
but various pathogenic bacteria multiply on the 
inflamed mucosa and aggravate the in- 
flammatory reaction. The mixture of secretion 
and exudate then becomes increasingly viscid 
and. turbid due to emigration of increasing 
numbers of polymorphs until it may consist of 



Fig. 8.2 Wall of bronchus in acute inflammation, 
showing desquamation of epithelium and poly- 
morphonuclear leukocytic infiltration, x 250. 


a mixture of mucus and pus: the inflammation, 
initially catarrhal, thus becomes muco-purulent. 
Catarrhal bronchitis (Fig. 8.2) is seen in mild 
influenza and, as in the common cold, the in- 
itial virus infection is often complicated by bac- 
terial infections, with similar effects. Bacterial 
infection also induces catarrhal inflammation, 
for example of the colon in bacillary dysentery 
of moderate severity, and chemically-induced 
inflammation, such as that induced by inhala- 
tion of formalin or other irritating gases or 
vapours, may also be catarrhal. 

Pseudo-membranous inflammation. This is 
usually due to bacteria which have a low in- 
vasive capacity but grow on the surface of a 
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mucous membrane and produce exotoxins 
which cause superficial necrosis and acute in- 
flammation of the underlying tissue. As the 
exudate passes to the surface, the fibrinogen in 
it clots within the necrotic surface layer. The 
fibrin and dead tissue together form the false 
{pseudo-) membrane, which contains also the 
causal bacteria, polymorphs and erythrocytes. 
Eventually the digestive activity of polymorph 
enzymes at the junction of living and dead 
tissue results in loosening and detachment of 
the pseudo-membrane; when the micro-organ- 
isms are destroyed, healing occurs, sometimes 
with some scarring. Examples of this type of 
inflammation are provided by diphtheria, us- 
ually affecting the pharynx or larynx (Fig. 8.3), 
and in the colon the more severe examples of 
bacillary dysentery. 

Serous inflammation. This consists of acute 
inflammation in which there is copious fluid 
exudation but emigration of leukocytes and 
escape of red cells are minimal. The tissues 
become grossly oedematous and when the 



Fig. 8.3 Pharyngeal diphtheria. The mucosal sur- 
face (top) is coated with a false membrane composed 
of dead epithelium and fibrinous exudate. The un- 
derlying connective tissue shows acute inflammatory 
congestion, x 85. 


lining membrane of a body cavity, e.g. the 
pleura, is involved, the ‘serous’ exudate accum- 
ulates in the cavity. Serous inflammation is 
seen in the early stages of many acute bacterial 
infections, and particularly in infection by Clo- 
stridium oedematiens, one of the causal organ- 
isms of gas gangrene. 

The terms fibrinous and haemorrhagic are 
also applied to inflammation, to indicate re- 
spectively marked fibrin deposition and escape 
of red cells. 

Two important variants of acute bacterial 
infections with special features — pyogenic infec- 
tions and gas gangrene — are described below. 

Pyogenic infections: suppuration 

In many acute bacterial infections, emigration 
of polymorphs is intense, and these cells accu- 
mulate in huge numbers in the inflamed tissues. 
If, as commonly happens, tissue necrosis also 
occurs, then the dead tissue is digested and a 
cavity is formed which contains polymorph- 
rich (purulent) exudate, or pus (Figs. 8.4, 8.5). 
Such a cavity is called an abscess and the pro- 
cess of abscess formation is termed suppuration. 
The adjective pyogenic is applied to bacteria 
which cause suppuration. Pyogenic bacterial 
infection of a natural body cavity, such as a 
joint, the peritoneum or subarachnoid space, 
results in accumulation of pus in the cavity 
without the necessity for tissue necrosis and 
digestion. 



Fig. 8.4 Abscess of brain. Part of the skull has been 
removed surgically and a cavity containing pus is 
seen in the brain. (Photographed at necropsy.) 






Fig. 8.5 Smear of pus. Most of the cells are neutro- 
phil polymorphs: some are undergoing autolysis, 
x 400. 


Suppuration 

Initially, a pyogenic bacterial infection shows 
the usual features of acute inflammation: as it 
progresses, local bacterial spread results in en- 
largement of the lesion, and unless the bacteria 
are destroyed rapidly, the tissue in the centre of 
the lesion undergoes necrosis. This is probably 
due mainly to the high concentrations of 
powerful toxins produced by pyogenic bacteria, 
but the pressure of inflammatory oedema, 
slowing of the blood flow, and sometimes 
thrombosis due to endothelial injury may also 
be important. The central necrotic tissue 
becomes infiltrated with polymorphs from the 
surrounding inflamed tissue, and during the 
process of phagocytosis and subsequent de- 
generation, these cells release lysosomal 
enzymes which digest the dead cells and tissue 
framework. Gradually a space, or abscess 
cavity, is formed containing fluid exudate rich 
in polymorphs, fragments of necrotic tissue, 
sometimes fibrin clots (from fibrinogen in the 
exudate), red cells and, of course, bacteria. 

Necrosis of tissue and abscess formation 
favour multiplication of the causal bacteria. In 
acutely inflamed tissue, the continuous flow of 
exudate from small blood vessels into the tissue 
spaces and its removal by lymphatics is import- 
ant in host defence (p. 62). In an abscess, how- 
ever, the exudate is relatively stagnant: some 


fluid can exude into the space from the 
surrounding inflamed tissue, but lymphatic 
drainage is inadequate. The intense migration 
of polymorphs into the abscess cavity also in- 
creases its contents, and in consequence the 
hydrostatic pressure in the cavity rises. The 
stagnant exudate in the abscess is a suitable 
growth medium for most pyogenic bacteria, 
and so they multiply and produce toxins which, 
by devitalisation of the surrounding living 
tissue, result in extension of the necrosis and 
enlargement of the abscess. Because of its 
raised pressure, the pus in an abscess tends to 
extend along tissue planes of least mechanical 
resistance; if present, for example, in the 
kidney, it may extend radially within and 
around the tubules, and may also burst 
through the capsule and spread extensively in 
the loose perinephric fatty tissue. An abscess 
forming near the skin, a mucous membrane or 
a serosal cavity, tends to extend towards the 
surface and rupture, discharging its pus. 

If the growth of bacteria is checked, either by 
the natural defence mechanisms alone or with 
the help of antimicrobial drugs, the abscess 
stops enlarging, and becomes enclosed in a 
layer of granulation tissue (the pyogenic mem- 
brane) which grows from the surrounding in- 
flamed tissue. Commonly, bacteria persist in 
the pus for a long time and the granulation 
tissue extends inwards while its outer part 
gradually matures to fibrous tissue. A long- 
standing abscess thus becomes enclosed in 
dense scar tissue which progressively thickens 
and, as long as the bacteria persist, is lined on 
its inner side by a layer of granulation tissue 
showing the changes of acute inflammation 
(Fig. 8.6). In the innermost granulation tissue, 
emigration of polymorphs may be conspicuous, 
while further out there may be plasma cells, 
lymphocytes and macrophages. 

Extension of an abscess is accompanied by 
increase in toxaemia, fever and neutrophil leuko- 
cytosis, and rupture into a serosal cavity may 
result in extensive infection, e.g. generalised 
peritonitis or pleurisy. This is sometimes pre- 
vented, however, for as the abscess extends 
towards the cavity, fibrin in the inflammatory 
exudate glues adjacent viscera to the inflamed 
serosa, and by the time the abscess reaches the 
surface, that part of the cavity may be walled 
off. When an abscess ruptures through the skin 
or into the alimentary tract, the pus discharges 




Fig. 8.6 Wall of an abscess. The abscess cavity is 
seen at the top right. The wall consists of vascular 
granulation tissue showing an inflammatory reac- 
tion. x 120. 

and the release of pressure allows free flow of 
exudate from the surrounding tissue into the 
abscess cavity: this favours elimination of the 
bacteria, not only by their removal in the dis- 
charging exudate, but also by the protective 
mechanisms afforded by a free flow of exudate 
(p. 62). Accordingly, surgical incision and drain- 
age of an abscess is an important therapeutic 
measure: by promoting bacterial elimination 
and destruction, it allows the abscess cavity to 
heal with minimal scarring. The pressure in an 
abscess is well illustrated by the spurting out of 
pus when it is incised, but needs no emphasis 
for anyone who has experienced the throbbing 
pain of an apical tooth abscess. 

Abscesses which are not drained, and which 
do not discharge naturally, may persist for 
months or even years and become surrounded 
by dense scar tissue. The bacteria may even- 
tually be destroyed, and if the cavity is still 
small it may be gradually filled by granulation 
and eventually scar tissue. The pus in larger 
abscess cavities may be slowly transformed to 
clear fluid as the cell debris, etc. is removed by 
macrophages, leaving a cyst-like cavity which 
cannot collapse because of the surrounding 
rigid fibrous tissue. Occasionally the pus 
becomes inspissated to a solid, lipid-rich 
crumbly material, and deposition of calcium 
salts converts this into a stony hard mass which 
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may finally be replaced by bone. Even when an 
abscess is drained or discharges naturally, bac- 
teria may persist in the cavity and drainage 
track, particularly if sufficient fibrosis has 
occurred to prevent its collapse. 

Perhaps the commonest example of an ab- 
scess is a boil (furuncle). It occurs most often in 
the dense dermal connective tissue at the back 
of the neck. The causal organism, Staphylo- 
coccus aureus , invades via the hair follicles or 
sebaceous ducts and sets up an acute in- 
flammatory swelling. It spreads locally in the 
dermis, and necrosis of a patch of skin at the 
centre of the lesion results from toxic action 
and the vascular factors outlined above: poly- 
morphs migrate from the surrounding inflamed 
tissue and digest the periphery of the necrotic 
‘core’, which thus becomes separated from the 
lining tissue by a layer of pus. When separation 
is complete, the core is discharged, leaving an 
ulcer (Fig. 8.7). This is usually followed by 
elimination of the staphylococci, and the ulcer 
heals, leaving a pitted scar. In some instances, 
particularly in individuals with impaired re- 
sistance to infection, e.g. untreated diabetics, 
the infection may spread extensively in the 
dermal and underlying soft tissue of the neck, 
giving rise to a carbuncle consisting of a com- 
plex loculated abscess, or several separate 
abscesses, with multiple discharging sinuses 
(Fig. 8.8). 

Suppuration in a serous cavity presents the 
same general features as an abscess developing 
in a solid tissue, and the principles of treatment 
are the same. 

Composition of pus. As indicated above, pus 
consists of an accumulation of inflammatory 
exudate containing very large numbers of neu- 
trophil polymorphs which give it an opaque 
appearance. Many Of the polymorphs in re- 
cently formed pus are living, but the life of 
polymorphs which have emigrated is probably 
12 hours or less, and in old pus most of the 
cells are dead and in various stages of de- 
generation and digestion. Release of DNA 
from these cells accounts for the sticky, slimy 
nature of pus. Some red cells are usually pre- 
sent, particularly in newly formed pus, and also 
fragments of tissue debris: fibrin may be pre- 
sent as free fragments, or may form a layer 
lining the wall of the cavity. In old pus, the 
number of macrophages increases and chol- 
esterol crystals and globules of fat, derived 







Fie. 8.7 Furuncle (‘boil’). Left, the centre of the lesion is necrotic and about to be discharged. Right, the 
nM'mtii'. mrft has heen discharged, leaving a ragged ulcer, x 1. (The late Professor J. A. Milne.) 


necrotic core has been discharged, leaving a ragged ulc 

from degenerated cells and perhaps from 
blood lipids, gradually accumulate. 

Bacterial infection of the blood 

It is customary to classify the presence of bac> 
teria in the blood into bacteraemia' septicaemia" 
and pyaemiaXThe distinction between the three 
is not sharp, but they are none the less useful 
terms. In bacteraemia, bacteria are present in 
the blood in relatively small numbers but do 
not multiply significantly. Septicaemia and 
pyaemia are much more serious conditions in 
which bacteria, usually of higli pathogenicity, 
multiply in the blood. 

Only very rarely are bacteria present in the 
blood in sufficient numbers to be detected by 
direct microscopy, culture of" the blood 
being necessary for their detection. 

Bacteraemia. Small numbers of bacteria of 
low virulence are present from time to time in 
the blood of normal subjects, or in individuals 
with minor, often subclinical lesions. Strep- 
tococcus viridans may be cultured from the 
blood after vigorous brushing of the teeth, par- 
ticularly if there is dental sepsis, and it is likely 
that occasional intestinal bacteria enter the 
portal circulation. Because of its high content 





Fig. 8.8 Carbuncle; the foci of suppuration have 
extended to the overlying skin and discharged pus at 
several places, x 1. (The late Professor J. A. Milne.) 

of antibodies and complement, and the large 
numbers of circulating phagocytes and sinus- 
lining macrophages in the liver, spleen, etc., the 
blood is a hostile environment to most micro- 
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organisms, and although bacteria may multiply 
in local infections, those entering the blood are 
usually destroyed rapidly. Even in more serious 
and extensive localised infections, such as 
pneumococcal pneumonia or Escherichia coli 
infections of the urinary tract, bacteria can 
sometimes be detected by blood culture, but 
usually they fail to multiply significantly in the 
blood and disappear from it when, or even 
before, the local infection subsides. This applies 
also to the bacteria which enter the blood- 
stream as a regular feature of certain diseases, 
for example typhoid fever and brucellosis 
(undulant fever). 

Bacteraemia is of some importance, for when- 
ever they enter the blood, bacteria may settle 
in various parts of the body and cause lesions, 
for example suppurative meningitis or arthritis 
in pneumococcal pneumonia, and periostitis 
due to Salmonella typhi in typhoid fever. 

Septicaemia means the presence and multi- 
plication of bacteria in the blood, and is ap- 
plied especially to the rapid multiplication of 
highly pathogenic bacteria, e.g. the pyogenic 
cocci or the plague bacillus, Yersinia pestis. The 
term thus implies a serious infection with pro- 
found toxaemia, in which the bacteria have 
overwhelmed the host defences. 

In some instances it is difficult to distinguish 
between bacteraemia and septicaemia. For ex- 
ample, Escherichia coli causes infection of the 
peritoneal cavity, urinary and genital tracts: 
blood infection may occur, particularly as a 
complication of generalised peritonitis, but it is 
often not clear whether the bacteria are mul- 
tiplying in the blood or are continuously enter- 
ing it, e.g. from the infected peritoneum. 

Multiple small haemorrhages may occur in 
septicaemia (Fig. 21.27, p. 747), due either to 
capillary endothelial damage from the severe 
toxaemia or to multiple minute metastatic foci 
of bacterial growth. The number of neutrophil 
polymorphs in the blood may be raised, al- 
though in overwhelmingly severe septicaemia 
they may be diminished and show toxic granu- 
lation (p. 512). The spleen is often enlarged and 
congested, and may contain large numbers of 
polymorphs. If the septicaemia is not rapidly 
fatal, foci of suppuration may develop in vari- 
ous parts of the body as a result of local invasion 
by blood-botime bacteria. 

Pyaemia. In localised pyogenic infections, 
toxic injury to the endothelium of veins in- 


volved in the lesion may result in thrombosis: 
bacteria multiply in the thrombus, which then 
becomes heavily infiltrated by polymorphs and 
broken down by their digestive enzymes. Small 
fragments of the softened septic thrombus may 
then break away and be carried off in the blood 
(pyaemia — literally, pus in the blood). Where 
they become impacted in small vessels, they 
cause local injury both by obstructing the ves- 
sels and by the release of toxins from their 
contained bacteria: a combination of necrosis, 
haemorrhage and suppuration results, with 
formation of multiple pyaemic abscesses in 
the various tissues, their distribution depending 
on the site of the original septic thrombosis. 
Pyaemic abscesses are typically surrounded by a 
zone of haemorrhage (Fig. 8.9). Microscopy of an 
early lesion may show a central zone of necrosis 
often containing huge numbers of bacteria 
(Fig. 8.10); this is surrounded by a zone of 
suppuration and an outermost zone of acutely 
inflamed, often haemorrhagic tissue. As the les- 
ions progress, the necrotic tissue is digested, 
and apart from their multiplicity and wide- 
spread distribution, they become indistinguish- 
able from non-haematogenous abscesses. In 
septic thrombosis of major veins, larger frag- 
ments may be released into the circulation, and 



Fig. 8.9 The kidney in pyaemia, showing multiple 
small abscesses which are seen as pale areas sur- 
rounded by dark haemorrhagic zones. 
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Fig. 8.10 Pyaemic abscess of kidney in a case of 
staphylococcal pyaemia. Infarcted tissue (above) is 
separated from congested living tissue (below) by a 
zone of suppuration. The dark patches in a glomer- 
ulus are masses of staphylococci, and have probably 
increased after death, x 65. 

by impacting in arteries give rise to correspond- 
ingly larger foci of necrosis and suppuration 
(septic infarcts). 

Septic thrombosis of systemic veins results 
especially, but not exclusively, in pyaemic ab- 
scesses in the lungs, while septic thrombosis in 
pulmonary veins results in pyaemic abscesses 
mainly in the systemic arterial distribution. In 
acute bacterial endocarditis, in which septic 
thrombus forms on the infected valve cusps, 
the distribution of pyaemic lesions depends on 
the particular heart valves involved. Septic 
thrombus of a portal venous tributary, e.g. in 
acute appendicitis, gives rise to portal pyaemia, 
with abscesses mainly in the liver. 

Inevitably, bacteria are released from septic 
thrombus in pyaemia, and frank septicaemia 
commonly supervenes. 

Septicaemia and pyaemia were formerly 
most often due to the pyogenic cocci. The in- 
cidence has, however, been greatly reduced by 
antibiotic therapy, and bacterial infections 
which are less readily eliminated by antibiotics 
have increased in relative importance, Esch- 
erichia cdjU now bring the commonest cause of 


blood infections in general hospital practice. In 
states of lowered resistance to bacterial infec- 
tion, e.g. agranulocytosis, immunodeficiencies 
and therapeutic immunosuppression, blood in- 
fection is a particular hazard. Because of im- 
paired defence mechanisms, bacteria normally 
of relatively low resistance may cause sep- 
ticaemia and pyaemia in these conditions. 

The common pyogenic bacteria 

Pyogenic infections in man are most commonly 
caused by Staphylococcus aureus and Strep- 
tococcus pyogenes. Staphylococcus aureus is the 
usual cause of boils, carbuncles and septic les- 
ions of the fingers: the infection usually re- 
mains localised, although suppurating lymph- 
adenitis may occur in the local nodes, and 
unless treatment is effective, septicaemia and 
pyaemia may occur. Some types of Staph, 
aureus are resistant to penicillin and sometimes 
to other antibiotics. Symptomless nasopharyn- 
geal carriers of resistant types are commonly 
responsible for outbreaks of infection of sur- 
gical wounds, burns, etc., in hospital: phage 
typing has proved of great value in tracing the 
source of such outbreaks. Staphylococci are 
also a cause of pneumonia complicating in- 
fluenza and other virus infections of the res- 
piratory tract, and may produce a fulminating 
enteritis in patients receiving broad-spectrum 
antibiotics. The staphylococcal lesion shows 
the usual features of acute inflammation, and 
unless checked by antibiotic therapy it fre- 
quently progresses to suppuration and dis- 
charges a thick creamy pus. 

Streptococcus pyogenes commonly produces 
acute pharyngitis and tonsillitis, ‘septic fingers’, 
otitis media and mastoiditis, also extensive in- 
flammation of the subcutaneous connective 
tissues ( cellulitis ), and erysipelas , a spreading 
infection of the dermis producing a raised, red, 
painful lesion of the skin, usually of the face, 
with a well-defined margin. Before the in- 
troduction of antiseptics. Strep pyogenes was a 
very common and important cause of fatal per- 
itonitis or septicaemia arising from infection of 
the genital tract following childbirth. It can 
also cause fatal septicaemia resulting' from a 
minor injury, e.g. a finger prick sustained by 
the surgeon or pathologist dealing with a strep- 
tococcal infection. 

The differences between infections due to 
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staphylococci and streptococci are partly ex- 
plicable by their toxins (p. 177). Staphylococcal 
infections show a greater tendency to remain 
localised, possibly due in part to the production 
of staphylocoagulase which clots fibrinogen, 
producing a deposit of fibrin which may help 
to limit spread of the organisms and promote 
their phagocytosis. Streptococcal lesions tend 
to spread, possibly due partly to the production 
of hyaluronidase, which digests hyaluronic acid 
and thus liquefies the ground substance of con- 
nective tissues. Streptococcus pyogenes also 
produces fibrinolysins, and leukocidins which 
kill polymorphs. 

Other pyogenic bacteria include Strep, pneu- 
moniae (the common cause of lobar pneum- 
onia) which may be complicated by metastatic 
blood-borne lesions, e.g. suppurative meningitis 
or arthritis; Neisseria meningitidis (men- 
ingococcus) which invades the nasopharynx, 
often silently, and produces a septicaemia or 
bacteraemia with the subsequent development 
of meningitis; Neisseria gonorrhoeae (gonococ- 
cus), transmitted by coitus and producing an 
acute urethritis, etc. 

The intestinal commensals are important 
causes of pyogenic infections in the abdomen, 
e.g. appendicitis, diverticulitis and peritonitis, 
and in the lungs; they also infect surgical and 
other wounds, bedsores, burns and ulcers of 
the skin. They include Escherichia coli, Bacter- 
oides, anaerobic streptococci, Proteus, Pseudom- 
onas pyocyanea and Klebsiella, and may cause 
infections singly and in various combinations. 
These organisms are of particular importance 
in debilitated and immunosuppressed patients. 
All of them, but especially Esch. coli and Bac- 
terioides, give rise to septicaemia and pyaemia, 
with severe septic shock (p. 264). 

Gangrene 

Definition. The term gangrene means diges- 
tion of dead tissue by saprophytic bacteria, i.e. 
bacteria which are incapable of invading and 
multiplying in living tissues. Many types of 
bacteria, often present in various combinations, 
may participate, and breakdown of tissue pro- 
teins, carbohydrates and fat may result in 
simple end-products: volatile products and 
gases may be formed, giving the foul odour of 
putrefaction, and the same changes are 
observed in putrefaction of meat, etc. Gas pro- 


duction may give rise to emphysematous 
crackling on palpation. The changes in 
colour — dark-brown or greenish-brown, and 
sometimes almost black — are due to changes 
in haemoglobin, and are most conspicuous 
when the dead tissue contains a lot of blood. 

Gangrene may be either primary or secon- 
dary. The difference lies in the cause of the 
tissue necrosis. In primary gangrene it is 
brought about by the toxins of bacteria (which 
may then invade and digest the dead tissue). In 
secondary gangrene, necrosis is due to some 
other cause — usually loss of blood supply from 
vascular obstruction or tissue laceration — and 
saprophytic bacteria then digest the dead 
tissue. 

Primary gangrene 

This includes gas gangrene which results from 
infection with specific clostridia, and gangrene 
brought about by various other bacteria. 

Gas gangrene is caused by a group of an- 
aerobic sporulating bacteria, the Clostridia, of 
which the three most important are Cl. welchii, 
Cl. oedematiens and Cl. septicum. These organ- 
isms are intestinal commensals in man and 
animals; their spores are widespread, and are 
liable to contaminate wounds. Being anaerobic 
and saprophytic, they cannot multiply in living, 
oxygenated tissue, but they flourish in blood- 
soaked foreign material and dead tissue in dirty 
puncture or lacerated wounds such as are 
caused by road accidents and by shrapnel. 
Given such a favourable environment, the Clo- 
stridia produce exotoxins which diffuse into 
and kill the adjacent tissues and these in turn 
are invaded, so that the process spreads 
rapidly, particularly along the length of skeletal 
muscles (Fig. 8.11). Gas gangrene is most often 
due to Cl. welchii. Before the muscle and other 
tissues are killed, they become intensely oedem- 
atous, are extremely painful, and appear swol- 
len and pink. Microscopically, emigration of 
leukocytes is minimal. Among a number of 
toxins, Cl. welchii produces a lecithinase (a 
toxin) which by its action on phospholipids 
lyses cell and mitochondrial membranes, also 
hyaluronidase and collagenase which digest 
ground substance and collagen respectively and 
may promote the rapid spread of infection. Cl. 
welchii ferments sugars, producing H 2 and C0 2 
which collect as bubbles in the dead tissues, 
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Fig. 8.11 Skeletal muscle in gas gangrene. The 
muscle fibres are necrotic and their nuclei have dis- 
appeared. Large numbers of Cl. welchii are present 
in the dead tissue, mainly in the endomysium. x 400. 

rendering them crepitant on palpation. The 
subcutaneous tissue and skin are also involved, 
and the affected part, often a limb, may burst 
open as a result of the swelling of oedema fluid 
and pressure of gas. The dead tissues are com- 
monly invaded by a mixture of other organisms 
present in the original wound, and these may 
play a major role in putrefaction. Gas gangrene 
may complicate intestinal lesions, e.g. ap- 
pendicitis or strangulation of the gut (p. 643), 
Clostridia being present in the intestine; it 
occurs also as a puerperal infection of the 
uterus from contamination via the perineum. 

In addition to the rapidly spreading local 
lesion, gas gangrene is accompanied by acute 
haemolysis and a severe toxaemia which affects 
all the internal organs, and death results from 
peripheral vascular collapse. Spread by the 
blood stream may occur as a late, usually ter- 
minal event. In consequence all the tissues at 
necropsy may contain large numbers of Clo- 
stridia, with extensive digestive changes.* 

The dostridia of gas gangrene may also 


cause infection of subcutaneous tissue (cellu- 
litis) without affecting the underlying muscle, 
or may grow in dirty wounds, producing a foul 
discharge but without either severe toxaemia or 
invasion of the surrounding tissues. 

Production of toxin by Cl. welchii growing in 
contaminated food is also one cause of toxic 
gastroenteritis which is self-limiting and does 
not involve clostridial invasion of the gut wall. 

If lacerated wounds are treated by early ex- 
cision of the devitalised tissue, and toxic action 
is controlled by the use of antitoxic sera, clo- 
stridial infections are unlikely to establish 
themselves. Antibiotics have also contributed 
greatly to the prevention of gas gangrene by 
inhibiting the growth of Clostridia. 

Other examples of primary gangrene. In gas 
gangrene we have an example of primary gan- 
grene caused by members of a group of Clos- 
tridia whose toxins kill the tissue and, sometimes 
in association with other anaerobes, digest it. 
Primary gangrene can be caused by many other 
bacteria and mixtures of bacteria. For example, 
inhalation of dirty water in partial drowning, 
or of foul discharge from an ulcerated and in- 
fected cancer of the larynx, or from an oeso- 
phageal cancer which has ulcerated into the 
trachea, can each cause a gangrenous infection 
of the lungs in which various bacteria and fungi 
participate. 

Gangrenous infection is particularly liable to 
develop in debilitated individuals and in those 
whose resistance to infection is lowered by vari- 
ous diseases; for example gangrenous pharyn- 
gitis or colitis may develop in patients with 
agranulocytosis, who lack the defences pro- 
vided by neutrophil polymorphs. Diabetics 
also, unless their carbohydrate metabolism is 
adequately controlled, are particularly suscep- 
tible to infections, and gangrene may supervene. 
The following two unusual forms of primary 
gangrene also deserve mention. 

'Meleney's post-operative synergistic gangrene.' 
This is a slowly spreading infection of the skin and 
subcutaneous tissue of the chest or abdominal wall; 
it starts at the site of an operation wound and us- 
ually the operation has been performed to deal with 
a focus of sepsis in the chest or abdomen. The 
spreading edge of the lesion is acutely inflamed and 


* When necropsy is performed after a body has remained for a day or more in a warm environment, putrefactive 
changes, including bubbles of gas, may be seen in various tissues and especially in the liver and other abdominal viscera. 
This is due to agonal and post-mortem spread and growth of Cl. welchii etc. present in the gut. It is seen especially in obese 
or oedematous subjects dying from any cause and must not be confused with gas gangrene. 
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appears red and swollen: as it spreads, the central 
zone becomes darker and finally gangrenous, fol- 
lowed by sloughing to leave an ulcerated area with a 
granulating base. The lesion may spread relentlessly 
to involve much of the trunk. It is usually caused by 
a synergistic combination of Staphylococcus aureus 
and a streptococcus, but other combinations may 
have a similar effect. 

Noma ( cancrum oris) is a gangrenous condition 
occasionally seen in poorly nourished children and 
tends to complicate debilitating infections; it begins 
on the gum margin and spreads to the cheek, where 
an inflammatory patch of dusky red appearance 
forms and then becomes darker in colour and ulti- 
mately gangrenous. The condition is caused by bac- 
teria of the genus Bacteroides (anaerobic bacilli pre- 
sent in huge numbers in the intestine and also part of 
the normal flora of the mouth) together with Bor- 
relia vincenti, another mouth commensal. Deficient 
intake of the vitamin B complex, especially of nico- 
tinic acid, is a predisposing factor. 

Secondary gangrene 

This is usually the result of ischaemic necrosis 
(from loss of blood supply) followed by inva- 
sion and digestion of the dead tissue by put- 
refactive micro-organisms. It is seen most often 
in the foot and leg, and in the intestine. As ex- 
plained below, it occurs in two forms — ‘wet’ 
and ‘dry’ gangrene. 

Gangrene of the leg. Infarction of toes, a 
foot, or the lower leg is not uncommon as the 
result of arterial occlusion (Fig. 2.6, p. 12), the 
collateral circulation being insufficient to keep 
the part alive. This is caused by arterial throm- 
bosis complicating advanced atheroma (p. 238), 
which is very common in old people and tends 
to be particularly severe in diabetics (hence the 
terms ‘ senile ’ and ‘ diabetic ’ gangrene). It may 
occur also in early or middle adult life in pati- 
ents with thrombo-angiitis obliterans, a disease 
which affects multiple arterial branches, espe- 
cially in the lower limbs. Another occasional 
cause is the symmetrical spasmodic contraction 
of arteries in Raynaud’s disease. 

If there is much subcutaneous fat, and par- 
ticularly when the limb is oedematous, as in 
congestive heart failure, wet gangrene com- 
monly supervenes in the infarcted tissues, with 
blebs of fluid in the skin, sometimes gas pro- 
duction, and rapid putrefaction: there is no 
sharp line of demarcation between dead and 


living tissue, and indeed gangrene may spread 
proximally beyond the tissues originally 
affected When infarction occurs in a non-oede- 
matous leg, particularly when there is little sub- 
cutaneous fat and when gradual arterial occlu- 
sion has preceded the actual infarction, so- 
called dry gangrene is liable to ensue: the skin 
becomes cold and waxen, the haemoglobin dif- 
fuses out of the veins and produces reddish- 
purple staining of the dead tissues, which then 
become brownish-red and ultimately almost 
black, and the dead tissue gradually dries out 
and shrinks (/ mummification ). 

Use of the term dry gangrene is controversial. 
Commonly, mummification occurs with little or 
no putrefaction. Saprophytic organisms are, 
however, usually present in small numbers, par- 
ticularly adjacent to the junction with living 
tissue, where the dead tissue remains moist. If 
amputation is not performed, putrefaction 
becomes established at this site, and a process of 
slow putrefactive ulceration penetrates the soft 
tissues, ultimately down to the bone. 

Secondary gangrene of the intestine occurs 
when the blood supply to part of the intestine 
is arrested by thrombosis of the mesenteric 
arteries or when a loop of intestine becomes 
impacted in a hernial sac. In the latter case, 
secretion of fluid and gas production by bac- 
teria in the lumen result in a rise of pressure in 
the entrapped loop, with consequent interference 
with blood flow. In both cases, the impaired 
blood flow results in necrosis of the wall of the 
intestine, which is invaded by putrefactive bac- 
teria from the lumen, becomes gangrenous, and 
ruptures unless removed without delay. While 
the intestine is dying, the wall becomes swollen 
and at first red and then black from fluid and red 
cells escaping from the small vessels. The features 
are thus those of wet gangrene. Ischaemic necro- 
sis of other organs, e.g. the pancreas, may also 
progress to wet gangrene if it becomes infected 
with putrefying bacteria from the gut. 

Anthrax 

Anthrax is a fatal epizootic disease of animals, 
particularly cattle and sheep, caused by a large 
Gram-positive sporulating bacillus, the spores 
of which can survive for 50 years or more in 
soil.* In herbivores the disease is contracted by 


* The island of Gruinard, off the West Coast of Scotland, is still contaminated with anthrax spores deposited experi- 
mentally during the 1939-45 war. 
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ingestion of spores and causes a severe acute 
enteritis with a terminal septicaemia: the ex- 
creta and secretions are highly infective. More 
chronic, localised lesions can also occur in an- 
imals. In man, B. anthracis is of low infectivity, 
but acute lesions occur in the skin from direct 
contact with infected material, or more rarely 
internally from inhalation or ingestion of 
spores. 

The factors determining the virulence of the 
bacillus include a capsular polypeptide rich in 
D-glutamic acid, which renders the organism 
resistant to phagocytosis, and a complex exo- 
toxin which promotes increased vascular per- 
meability, causing gross inflammatory oedema. 
Death can result from hypovolaemic shock due 
to local and generalised exudative loss of 
plasma fluid. 

Cutaneous anthrax (malignant pustule) of 

man occurs from direct contact with animal 
material, e.g. carcasses, hides or bristles in 
shaving brushes. Although many imported 
hides are contaminated with spores, anthrax is 
rare among those handling them. The organism 
probably enters through a minor abrasion, and 
a painful papule forms and becomes blistered: 


it is surrounded by a zone of intense congestion 
and oedema. Central haemorrhage and necrosis 
follow, resulting in a black crust (Fig. 8.12). 
Leukocytic emigration is usually scanty. Spread 
may occur to the regional lymph nodes, which 
become enlarged, oedematous and haemorr- 
hagic. Although uncommon, the condition 
is an important example of a serious, some- 
times fatal infection which can be effectively 
treated if diagnosed early. 

Respiratory anthrax occurs from inhaling 
spores, usually from hides or wool. A localised 
lesion develops in the lower trachea or larger 
bronchi: it consists of a patch of haemorrhagic, 
ulcerated mucosa with intense oedema, involve- 
ment of hilar and mediastinal lymph nodes, 
extension to the lungs and haemorrhagic pleu- 
ral and pericardial effusions: the prognosis is 
poor. 

Intestinal anthrax is rare in man. It consists 
of one or more haemorrhagic foci in the wall of 
the upper small intestine, with central necrosis, 
gross oedematous swelling and involvement of 
the mesenteric lymph nodes. 

Septicaemia and a haemorrhagic meningitis 
may occur in man, but are rare. 



Fig- 8-12 Anthrax. Left, before treatment. The malignant pustule is seen on the forehead. Note the gross 
^«x$en&ve infiara oedema. following treatment (By kind permission of Dr. W. M. Jamieson 
and the Editor of Sfet&cme.) 
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Chronic Bacterial Infections (Infective Granulomas)* 


Under this heading may be included the many 
infections which give rise to chronic inflamma- 
tion without a conspicuous exudative reaction, 
but usually with production of granulation 
tissue which eventually progresses to fibrosis. 
The general features of chronic in fl a mm ation 
have been described on pp. 67-71 and a more 
detailed account of the production of granula- 
tion tissue is given on pp. 80-7. The following 
account describes briefly some of the more 
important chronic infections. Because of its 
wide prevalence and tuberculous-like features, 
sarcoidosis is also included here, although there 
is no evidence that it is an infection. 

Tuberculosis 

Formerly one of the great killing diseases of 
temperate climates, tuberculosis is now much 
less common in Western Europe and North 
America. It is, however, prevalent in com- 
munities with a poor standard of living, and 
still ranks among the world’s most important 
diseases. The disease illustrates well various 
basic features of bacterial infection, and in par- 
ticular the importance of the reaction of the 
host in determining the nature of the lesions, 
and the spread of infection within the body. 
The causal mycobacteria, or tubercle bacilli, 
are aerobic Gram-positive bacilli with a waxy 
cell wall which renders them difficult to stain. 
Once the stain has penetrated the cell wall, 
however, it is also difficult to remove, and the 
mycobacteria are sometimes referred to as acid- 
and alcohol-fast bacteria, since they resist de- 
colourisation by mineral acids and alcohol, 
as in the Zeihl-Neelsen stain. Tubercle bacilli 
grow slowly in culture; they are highly patho- 
genic for the guinea-pig, inoculation of which 
has been much used for their detection when 
present in small numbers in sputum, etc. In 
man, they usually cause chronic disease but can 
also produce a much more acute and even 
rapidly fatal infection. In addition to the 
tubercle bacilli, of which there are two major 
types causing human disease (see below), the 


mycobacteria include the lepra bacillus which 
causes leprosy, and there are also various ill- 
defined organisms, sometimes termed anony- 
mous or atypical mycobacteria, which cause les- 
ions in the skin, lymph nodes, lungs and else- 
where. 

Epidemiology 

The two types of tubercle bacillus mainly re- 
sponsible for disease in man are the human 
type. Mycobacterium tuberculosis, and the 
bovine type Mycobacterium bovis. The human 
type is the more important: infection with it is 
usually contracted by inhalation, and the initial 
or primary lesion is nearly always in the lungs. 
Patients with chronic pulmonary tuberculosis 
provide the reservoir of infection and spread 
the disease by exhaling infected droplets and by 
coughing up infected sputum. The organism is 
resistant to drying and can survive for long 
periods in dust, inhalation of which is the usual 
method of contracting the disease. Infection of 
the tonsils or of the intestine can also occur 
from swallowing the human type of tubercle 
bacillus in contaminated dust, or the bovine 
type of bacillus in contaminated milk from 
cows with tuberculous mastitis. 

Several factors are responsible for the declin- 
ing incidence of tuberculosis in Western Europe 
and North America. Firstly, the rising standard 
of nutrition and housing: there is no doubt that 
under-nourishment predisposes to tuberculosis 
and impairs the resistance of the individual 
who has contracted the disease. Overcrowding 
and inadequate personal and domestic hygiene 
are also of importance in spreading the disease 
in the home and in public transport and meet- 
ing places, etc. The environment of a subject 
coughing up the organism is likely to be heavily 
contaminated, and spread within families is 
especially common, giving rise to both pul- 
monary and alimentary infections. ' 

Since the 1939-45 war, the use of specific 
chemotherapeutic bactericidal agents has also 
helped to reduce the incidence of the disease 


•As stated on p. 70, there is an increasing tendency to restrict granuloma to inflammatory lesions consisting of 
aggregates of macrophages. I have preferred to use macrophage granuloma to describe such a lesion, and to retain the 
traditional usage of granuloma to mean any chronic inflammatory lesion. 
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by diminishing greatly the infectivity of pati- 
ents with chronic pulmonary tuberculosis. 
Mass miniature radiography has revealed un- 
suspected cases of tuberculosis in the com- 
munity, and protection against infection has 
been provided by means of BCG vaccination. 

In countries where the disease is rife, infants 
and young children are particularly at risk, and 
in this country the mortality rate in children 
contracting the infection before the age of 3 
years was formerly very high. Those who over- 
come the infection develop partial resistance to 
the organism, but may become re-infected and 
develop chronic pulmonary tuberculosis in 
adult life. The bacteria may survive for many 
years in dormant lesions, without clinical 
manifestations, and these may become active as 
a result of malnutrition, as in war or famine, 
as a complication of other debilitating dis- 
eases such as diabetes mellitus, or from ad- 
ministration of corticosteroids or other im- 
munosuppressive agents. In Western Europe, a 
high proportion of ‘new’ cases are middle-aged 
or old and have had dormant lesions for many 
years from the time when the disease was much 
commoner. It is, however, relatively common 
among Asian immigrants, younger age groups 
being affected. Mycobacterium hovis causes mas- 
titis in cattle, and is transmitted to man by con- 
suming infected milk and milk products. Infec- 
tion results usually by way of the gut or tonsils. 
In many countries, bovine infection in man has 
been eradicated by pasteurisation of milk, 
which kills the organism, and by tuberculin 
testing of cattle and elimination of infected 
cows. The avian tubercle bacillus ( Myco . 
avium) is a rare cause of disease in man. 

Hypersensitivity and immunity 

The immune response to the tubercle bacillus 
provides the classical example of cell-mediated 
immunity, i.e. the production of specifically 
primed T lymphocytes which are capable of 
reacting directly with antigenic protein of the 
mycobacterium. The mechanism of this type of 
response, and the state of delayed hypersen- 
sitivity which results from it, have been de- 
scribed In Chapters 5 and 6 respectively. It is 
not understood why cell-mediated immunity is 
the dominant type of immune response to the 


tubercle bacillus, but it may be of significance 
that mycobacteria, living or dead, have a 
powerful enhancing effect on the cell-mediated 
immune response to antigens in general, and 
this forms the basis of their use in Freund’s 
adjuvant (p. 114). Whatever the explanation of 
its adjuvant effect, infection with tubercle 
bacilli results, within two weeks or so, in the 
development of a high degree of cell-mediated 
immunity to a protein fraction (tuberculo- 
protein) of the organism* and the subsequent 
course of the infection and the features of the 
lesions arc profoundly influenced by the hyper- 
sensitivity state. The specifically primed T cells 
react with tuberculoprotein, and release the 
various lymphokines described on p. 158. The 
results are both beneficial and harmful. The 
tubercle bacillus has not been shown to produce 
any direct toxic effect, and can survive and mul- 
tiply within macrophages in tissue culture with- 
out harm to the cultured cells. Indeed, it is likely 
that the tissue injury resulting from tuberculous 
infection is due mainly or entirely to the delayed 
hypersensitivity reaction against the bacteria. 
Nevertheless, without an immune response, 
multiplication of the organism would pre- 
sumably continue unchecked. The delayed 
hypersensitivity reaction is therefore to be re- 
garded as protective in reducing or eliminating 
the infection, but at the same time injurious to 
the tissues. Interpretation of the features of the 
lesions of tuberculosis in terms of delayed 
hypersensitivity is attempted in the account of 
structural changes (below). 

Although antibodies to mycobacterial anti- 
gens develop in tuberculosis, they do not 
appear to influence the course of the infection, 
and have not provided a useful diagnostic test. 

Tuberculin skin testing. This is carried out by 
intradermal injection of very small amounts of 
tuberculoprotein, as in the Mantoux test. In 
individuals who are, or have previously been, 
infected, a delayed hypersensitivity reaction 
develops, the features of which are described on 
p. 1 57. In some patients with very severe tuber- 
culosis, the test is negative, presumably because 
the large amount of tuberculoprotein being re- 
leased from the lesions has overwhelmed the 
state of hypersensitivity. Tuberculin skin tests 
give positive reactions in infections with both 


;■ * This state of hypersensitivity was demonstrated by Robert Koch (1891), using a crude preparation termed ‘old tuber- 
oilin’. A more refined preparation is termed ‘purified protein derivative’ (PPD). 
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human and bovine types of tubercle bacillus, 
and with other types of mycobacteria. For this 
reason they may be positive in individuals in- 
fected with Mycobacterium leprae. Positive tests 
are also observed in healthy inhabitants of 
tropical and sub-tropical countries, apparently 
as a result of previous sub-clinical infection 
with other mycobacteria. 

Immunisation against tuberculosis. Protective 
immunisation requires the induction of cell- 
mediated immunity to tuberculoprotein, and 
this is most effectively achieved by injecting 
living mycobacteria. Attenuated strains of the 
bovine type, e.g. bacille Calmette-Guerin 
(BCG), or other non-human strains such as 
Myco. muris (the vole bacillus), are used for 
this purpose. Cell-mediated immunity develops, 
with consequent delayed hypersensitivity reac- 
tions at the site of injection and sometimes also 
in the draining lymph nodes which may become 
infected. The attenuated bacilli are destroyed 
and the lesions heal, but the cell-mediated 
immunity persists. 


Structural changes 

When a guinea-pig is inoculated with Myco. 
tuberculosis there is little reaction during the 
first day or so apart from local infiltration with 
neutrophil polymorphs, which soon disappear. 
During the next few days, macrophages mig- 
rate into the area and ingest the bacteria with- 
out bringing about their destruction. After ten 
days or so, lymphocytes begin to appear in the 
lesion, and macrophages derived mainly from 
monocytes of the blood aggregate in increasing 
numbers to form a minute nodule consisting of 
a macrophage granuloma. These very early 
stages of infection cannot, of course, be 
observed in man, but the subsequent changes 
are closely similar in man and the guinea-pig. 
The macrophages enlarge and change to epith- 
elioid cells (p. 74). Small lymphocytes accumul- 
ate around the margin of the nodule, which is 
then termed a tubercle and becomes visible to 
the naked eye about 3 weeks after the onset. In 
the central part of the lesion, multinucleated 
Langhans’ giant cells (p. 74) are formed by 
fusion of epithelioid cells (Fig. 8.13). As the 
tubercle enlarges, the epithelioid and giant cells 
in the central part undergo necrosis (Fig. 8.14): 
the cells lose their outline and nuclear staining 
and become fused into a homogeneous or 



Fig. 8.13 An early tubercle, consisting mainly of 
epithelioid cells, some of which have fused to form a 
Langhans’ giant cell. Lymphocytes are scattered 
among the epithelioid cells and are numerous 
around the periphery, x 174. 



Fig. 8.14 A more advanced tubercle with three 
giant cells and early necrosis among the most cen- 
trally-placed epithelioid cells, x 150. 
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slightly granular material, which may also con- 
tain fibrin from vascular exudation. The 
tubercle thus comes to consist of a necrotic 
centre, surrounded by epithelioid and some- 
times giant cells (Fig. 8.15), with a peripheral 
aggregation of small lymphocytes. The necrotic 
material is creamy-white, and resembles cream 
cheese in appearance and consistence — hence 
the terms caseation and caseous material. 

The initial accumulation of macrophages and 
phagocytosis of tubercle bacilli occur before 
there is any immune response and are seen also 
in the reaction to particles of various non-anti- 
genic foreign materials. Lymphocytic infiltra- 
tion, however, follows the development of cell- 
mediated immunity and some of the cells are 
specifically primed T-cells which, by releasing 
various lymphokines (p. 159) contribute to the 
arrival of more macrophages by chemotaxis, 
and to their arrest around the tubercle bacilli 
by migration-inhibition factor: macrophage- 
activating factor may transform the macro- 
phages to epithelioid cells, and may mediate the 
destruction of phagocytosed bacilli. The T-cell 
cytotoxic factor presumably accounts for the 
necrosis of macrophages at the centre of the 
lesion, although the tubercle follicle is avas- 
cular and ischaemia may also be important. It 



Mg. 8.15 Part of a tuberculous lesion with central 
eafleat ion (right) and surrounding epithelioid cells 
with giant-cell formation. Note the structureless 
appeatance of the caseous material, x 150. 


has been shown in animal experiments that 
many of the lymphocytes in the tuberculous 
lesion are not specifically primed cells resulting 
from the cell-mediated immune response (p. 
157): they may be attracted to the site of infec- 
tion by a chemotactic lymphokine, but their 
significance in the lesion is obscure. 

The further course of the infection depends 
on several factors, including the infecting dose 
and virulence of the organism and also the 
degree of resistance of the host. What de- 
termines virulence in strains of tubercle bacilli 
is not understood, but the so-called virulent 
strains are those which are capable of relatively 
rapid multiplication in vivo. If bacterial multi- 
plication is checked, tubercles are replaced by 
fibrous tissue. If the bacteria continue to mul- 
tiply in the lesions, they may escape and gain a 
foothold in the surrounding tissues, with fur- 
ther tubercle formation. A cluster of tubercles 
may thus arise, and as these enlarge, they 
become confluent, and the central areas of cas- 
eous necrosis eventually unite to give a large 
caseous patch with tubercles around the peri- 
phery. Such lesions may reach several cen- 
timetres in diameter. When they arise in the 
lungs, they seldom reach this size without in- 
volving the wall of a bronchus, and the caseous 
material is then discharged, leaving a tubercul- 
ous cavity (Fig. 8.16). In other tissues, and par- 
ticularly in the kidneys and in lesions of bone 



Fig. 8.16 Formation of a tuberculous cavity. The 
lesion has ulcerated into a bronchus and the caseous 
material is discharging, x 4. 
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extending into the surrounding soft tissues, cas- 
eous material may be invaded by neutrophil 
pol ymorp hs, with r ag u1ffint 1iqv AfQ T tirm (‘tuber- 
culous pus’). Such a lesion used to be called a 
cold abscess, because it is not accompanied by 
the acute inflammatory features of a pyogenic 
abscess. The softened caseous material may 
track through the tissues and may eventually 
reach a surface and discharge. 

Some tuberculous lesions present more acute 
features than those described above. For ex- 
ample, rapid dissemination may occur by the 
air passages throughout the lung, resulting in 
multiple scattered lesions. Microscopy then 
shows extensive filling of the alveoli with large 
rounded macrophages (Fig. 8.17); these cells 
rapidly undergo fatty change and necrosis, and 
the lesions enlarge and coalesce with little or no 
attempt at healing. If it infects the subarach- 
noid space, usually by way of the bloodstream, 
the tubercle bacillus multiplies rapidly in the 
cerebrospinal fluid and the meningitis is of 
acute exudative inflammatory type with deposi- 
tion of fibrin and accumulation initially of neu- 
trophil polymorphs and later of macrophages 
and lymphocytes. Tubercles are usually poorly 
formed, and involvement of the walls of 
arteries and veins lying in the subarachnoid 
space may cause severe narrowing of their 
lumina by endarteritis (Fig. 21.33, p. 751) or 
occlusion by thrombosis. The lesions which 
result from infection of the pleural and per- 
itoneal cavities are also commonly exudative, 
with a serous or serofibrinous exudate, and 
when the pericardium is involved the exudate 
may be rich in fibrin and is often haemor- 
rhagic, presumably as a result of the mech- 
anical effect of the heart beat. 

Primary and reinfection tuberculosis 

Infection of an individual who ha s no t been 
previously infected or immunised gives rise to 
the primary lesion at the portal of entry in the 
lung, tonsil or small intestine. This usually re- 
mains small, and commonly heals without be- 
co ming detec table. Early spread of bacteria to 
the regional lymph nodes is, however, the rule, 
and their rapid multiplication may occur in the 
affected nodes, i.e. at the root of the lung (Fig. 
16.29, p. 476), in the neck or in the mesentery, 
depending on the site of the primary lesion. 
The combination of the primary lesion and 



Fig. 8.17 Acute tuberculous bronchopneumonia. 
Above, Primary pulmonary tuberculosis in a child. 
The infection has spread by the bronchi and has 
caused widespread lesions which are becoming con- 
fluent and have undergone central caseation (dark 
areas). Below, the lesions consist initially of accum- 
ulations of macrophages and lymphocytes in the 
alveoli. The macrophages undergo fatty change and 
appear ‘foamy’: necrosis then supervenes, x 370. 
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enlarged, caseous regional lymph nodes is 
called the primary complex. 

Reinfection or chronic tuberculosis results 
from infection of an individual who has over- 
come a primary infection or been immunised 
by BCG. The reinfection lesion is usually in the 
apex of one _or other lung and may extend to 
give a large localjesion with one or more 
cavities (Fig. 8.18). There is usually little or no 
involv ement of the local lvmph nod es. Reinfec- 
tion lesions occur also in the tonsils, small in- 
testine, pharynx and skin, again without much 
involvement of the regional nodes, but these are 
relatively uncommon sites. Individuals with 
reinfection tuberculosis of the lu ngs may, 
however, develop lesions in t he laryn x, mouth 
and intestines as a result of endogenous infec- 
tion by coughing up and swallowing sputum 
containing tubercle bacilli (Fig. 19.59, p. 633). 
These metastatic lesions resemble those of rein- 
fection tuberculosis in spreading locally with 
minimal or no involvement of the local nodes. 

The differences between p rima ry and reinfec- 
tion tuberculosis appear to depend mainly on 
the spread of the bacilli to the local ly mph 
nodes and their multiplication there in .the early 



Fig, 8,18 Apical part of the lung showing chronic 
(reinfection) tuberculosis. The infection has extended 
to form coaLesctag lesions with central caseation and 
peripheral fibrosis. The caseous material in the 
larger lesions has discharged via the bronchi, leaving 
several cavities with fibrous walls. xO-7. 


stages of the primary infection, before the de- 
velopment of a high level of cell mediated 
immunity. 

Although the term 'reinfection tuberculosis’ is 
commonly used for chronic tuberculosis 
occurring usually in adults, it may well be that, 
in some cases, tubercle bacilli have persisted in 
a healed primary lesion and eventually multiply 
and produce the 'reinfection'. 

The spread of infection within the body is 
discussed below, but more detailed accounts of 
the resulting lesions are given in the chapters 
on regional pathology, e.g. pulmonary tuber- 
culosis, pp. 475 et seq. 

Amyloid disease (p. 269) is an important 
complication of chronic tuberculosis. 

Spread of infection 

Tuberculous infection is very prone to spread 
by lymphatics and to produce lesions in lymph 
nodes. This occurs especially in the early stages 
of the primary infection, with resulting involve- 
ment of the draining lymph nodes, and infec- 
tion may spread from these to adjacent nodes 
or groups of nodes, e.g. in the mediastinum. In 
chronic (i.e. reinfection) tuberculosis, lymphatic 
spread is usually localised to the tissue im- 
mediately around the lesions, the draining 
lymph nodes seldom being severely involved. 
This limitation of lymphatic spread is probably 
attributable to the modified behaviour of mac- 
rophages which results from delayed hypersen- 
sitivity. There is experimental evidence that 
lymphatic spread results from ingestion and 
transport of Myco. tuberculosis by macro- 
phages, and the T-cell factors which convert 
macrophages into ‘killer’ cells and interfere 
with their migration from the lesion are likely 
to impede such spread. 

Spread also occurs by the bloodstream. This 
is seen notably in acute miliary tuberculosis, in 
which large numbers of bacteria enter the 
blood and give rise to multiple scattered 
tubercles in the various organs. The condition 
arises most commonly in primary tuberculosis 
and is due usually to involvement of a vein by 
the large caseating lymph node lesions of the 
primary complex — in most cases the pul- 
monary hilar nodes: the caseating process ex- 
tends into the wall of an adjacent vein, usually 
one of the pulmonary veins, and caseous mate- 
rial containing large numbers of mycobacteria 
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is then discharged into the circulation. The 
resulting lesions are particularly numerous in 
the liver, kidneys and spleen. They consist of 
tubercles of fairly uniform size, and without 
specific therapy death usually results from 
tuberculous meningitis after about a month, at 
which time the tubercles are of approx. 1-2 mm 
diameter (Fig. 16.31, p. 479): they are rather 
poorly developed, often without giant cells, but 
with central necrosis (Fig. 8.19) and are termed 
miliary tubercles (latin milium — millet seed). In 
some instances, the bacteria escape into a sys- 
temic vein, either directly or by involvement of 
the thoracic duct, and as a result the number of 
miliary lesions in the lungs far exceeds those in 
other organs. When a relatively small number 
of tubercle bacilli gain entrance to the blood- 
stream, few tubercles are produced in the vari- 
ous organs, and since the patient may survive 
much longer than is the case in untreated acute 
miliary tuberculosis, the lesions may become 
larger. One or more large metastatic lesions 
may also occur, for example in the bones, 
joints, kidneys, epididymes or fallopian tubes, 
and less commonly in the brain. Although in 
heavily infected communities blood-borne les- 
ions arise most commonly as a complication of 


the primary tuberculous complex in young chil- 
dren, in countries where the disease has been 
largely eradicated they are uncommon and are 
now seen mostly in older patients with reinfec- 
tion tuberculosis, particularly in advanced 
cases. Haematogenous lesions are also 
observed when tuberculosis is complicated by 
other debilitating diseases, or as a result of cor- 
ticosteroid or other immuno-suppressive ther- 
apy. 

Spread of tuberculous infection occurs also 
along hollow viscera and in body cavities. In 
the lungs, spread by the bronchi is of great 
importance. Mycobacteria coughed up in 
sputum may settle and give rise to lesions in the 
larynx and intestine. Spread may occur from 
the fallopian tubes to the endometrium, and 
from the kidney to the urinary tract, and dis- 
semination may occur within the pleural, peri- 
cardial and peritoneal cavities and, in tuber- 
culous meningitis, within the subarchnoid space 
and ventricles of the brain. 

Healing of tuberculous lesions 

The healing of tubercles or larger tuberculous 
lesions is dependent on the elimination or 



Fig. 8.19 On the left is shown a miliary tubercle of lung with central caseation and acute exudate in the 
surrounding alveoli from a patient with untreated miliary tuberculosis; on the right a fibrous scar containing 
a few lymphocytes, the remains of a miliary tubercle after specific chemotherapy, x 100. 
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reduction in numbers of mycobacteria. Healing 
is brought about by formation, around the les- 
ions, of reticulin fibres, progressing to more 
dense fibrosis. If caseation is slight or absent, 
as in early tubercles, the whole lesion may be 
gradually replaced by fibr ous tis sue, leaving a 
scar (F ig. 8.19), but extensive patches of casea- 
tion usually persist and become encapsulated in 
fibrous tissue. Slow progressive d epositio n of 
ca lcium salts c ommonly occurs in the caseo us 
material, which eventually may become stony 
hard and clearly visible in radiographs: in some 
instances the calcified material may be replaced 
by bone, which may even develop spaces con- 
taining haemopoietic marrow. The course of 
the disease depends on the balance between 
bacterial multiplication, with extension and 
caseation of the lesions, and the reactive pro- 
cesses involved in killing the bacteria, prevent- 
ing their spread, and promoting a fibroblastic 
reaction. 

The effects of drugs. The course and prog- 
nosis of tuberculosis have been radically 
changed by effective specific chemotherapy, 
which has also greatly modified the appearance 
of tuberculous lesions. When healing occurs 
‘naturally’, i.e. without specific chemotherapy, 
large caseous lesions become walled off first by 
cellular tubercles and then by new-formed fib- 
rous tissue, which penetrates the outer zone of 
tubercles and finally encapsulates the central 
caseous mass. Dense fibrosis and calcification 
complete the process: there is little resolution. 
Effective drug therapy is accompanied suc- 
cessively by resolution of the surrounding 
exudative lesions, increased vascularity, rever- 
sion of the epithelioid cells to foamy macro- 
phages, formation of granulation tissue, 
absorption of necrotic and caseous material, 
and finally by healing with the production of 
minimal amounts of fibrous tissue. Combined 
therapy thus strikingly modifies the outcome; 
early lesions may clear up almost completely 
without residual effects and chronic caseous 
and fibrotic pulmonary lesions with excavation 
are transformed to smooth-walled cavities, 
which may become lined by epithelium. 

Because of the spontaneous occurrence of 
mutant tubercle bacilli resistant to one or more 
drags; it is now accepted practice to administer 
9 . combination pf three drugs, usually isoniepti- 
Qfc acjd hydrazide (isoniazid), rifampicin and 
ethainbutpL Because the tubercle bacillus mul- 


tiplies relatively slowly, it may take some 
months for the selective advantage conferred 
by drug therapy on a resistant mutant to be 
reflected in clinical deterioration, and repeated 
bacteriological examinations, e.g. of sputum, 
are therefore important during treatment. 

Leprosy 

It is estimated that there are some 10 million 
people with leprosy throughout the world and 
approximately 1 00 000 new cases are registered 
annually. The disease now occurs mainly in 
those tropical and sub-tropical countries with 
poor living standards, although it was formerly 
quite common in Europe and North America. 
The causal organism, Mycobacterium leprae, was 
the first bacterial pathogen to be seen and de- 
scribed in a human disease. It is an acid-fast 
bacillus, demonstrable by a modified Ziehl- 
Neelsen staining technique: it has not yet been 
grown in culture and does not cause natural 
disease in species other than man, although it 
causes a local lesion when injected into the 
mouse foot-pad and spreading infection in an- 
imals in which cell-mediated immunity has 
been depressed by neonatal thymectomy or 
anti-lymphocyte serum. Infectivity is low, and 
although the bacillus is often present in large 
numbers in the nasal and oral secretions of pati- 
ents, only a small percentage of long-term close 
contacts develop the disease. 

The leprosy bacillus appears to be highly tem- 
perature-dependent, for it produces lesions 
mainly in colder parts of the body, namely the 
skin, especially of the nose, lobes of the ears 
and extremities, the anterior part of the eye, the 
nasopharynx, mouth and upper respiratory 
tract, superficial lymph nodes and testes. It also 
has a predilection for nerves; it always involves 
the small nerve twigs in the skin and often 
larger superficial nerves. 

Host resistance is dependent mainly on the 
cell-mediated response to Myco. leprae. In lep- 
romatous leprosy this is depressed, and the les- 
ions progress relentlessly and contain huge 
numbers of bacilli. A strong response is asso- 
ciated with tuberculoid leprosy, in which the les- 
ions contain relatively few bacilli, and may 
become stationary or subside. 

Lepromatous leprosy. The lesions consist of 
aggregates of macrophages (Fig. 8.20), contain- 
ing huge numbers of lepra bacilli lying parallel 
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Fig. 8.20 Leprosy. Above, part of a skin nodule in 
lepromatous leprosy. The lesion is a macrophage 
granuloma: lymphocytes are scanty and necrosis has 
not occurred, x 60. 

Middle, part of the same lesion, stained by TrifFs 
method for acid-fast bacilli: the macrophages con- 
tain numerous Myco. leprae, x 650. 


in bundles or aggregated to form large acid-fast 
masses (globi). In the absence of cell-mediated 
immunity, the bacilli are not destroyed, and 
multiply within the macrophages which have 
ingested them. Like tubercle bacilli, they 
appear to be non-toxigenic and macrophages 
containing large numbers of organisms show 
little evidence of injury apart from fatty 
change. Lymphocytes are scanty or absent, and 
tissue injury is probably due mainly to pres- 
sure. However, the skin lesions become very 
extensive and may ulcerate and become secon- 
darily infected with various bacteria. Similar 
changes are seen in the oral, nasal and upper 
respiratory lesions. In spite of extensive in- 
volvement of superficial nerves, anaesthesia, 
trophic changes and paralysis are often late 
features of the disease. The internal organs are 
rarely seriously involved, although small clus- 
ters of macrophages containing lepra bacilli 
may occur in the liver, spleen, etc. 

Tuberculoid leprosy. The lesions resemble 
those of tuberculosis, consisting of tubercle-like 
follicles (Fig. 8.20) and more extensive in- 
filtrates of epithelioid and Langhans’ giant-cells 
(both of which are modified macrophages) and 
lymphocytes. Necrosis occurs but is inconspicu- 
ous and leprosy bacilli are often difficult to 
find. Nerve injury due to scarring occurs early, 
and patches of hypopigmentation and sensory 
loss are often presenting features. The internal 
organs are seldom involved. 

Forms of leprosy intermediate between lep- 
romatous and tuberculoid are commonly en- 
countered. In some instances, lesions of both 
types may be present (borderline or dimorphous 
leprosy), and such cases may progress in either 
direction. Drug therapy helps to convert lep- 
romatous to tuberculoid leprosy, and to cure 
the latter. 

Immunological reactions in leprosy. Intrader- 
mal injection of lepromin, an antigenic extract 
of Myco. leprae, elicits a delayed hypersen- 
sitivity reaction, resembling the tuberculin reac- 
tion, in individuals with tuberculoid leprosy: 
the reaction occurs also in individuals with cell- 
mediated immunity to the tubercle bacillus and 


Below, skin lesions in tuberculoid leprosy, composed 
of epithelioid cells, giant cells and lymphocytes. Such 
lesions contain few bacilli, x 64. (The late Professor 
J. A. Milne.) 
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other mycobacteria. A later granulomatous 
lesion (the Mitsuda reaction) may develop 
within 4 weeks: this also is not diagnostic of 
leprosy. The test is usually negative in leprom- 
atous leprosy, and becomes positive if the pati- 
ent converts, spontaneously or as a result of 
drug therapy, to tuberculoid leprosy. These 
observations are supported by parallel results 
of in-vitro tests for cell-mediated immunity, and 
together with the morphological features of the 
disease indicate that tuberculoid lesions are 
modified by a delayed hypersensitivity reaction 
to the lepra bacilli, whereas lepromatous lesions 
represent the growth of the bacilli in the absence 
of delayed hypersensitivity. 

Failure of cell-mediated immunity in leprom- 
atous leprosy is not fully explained. The lymph 
nodes show lymphocyte depletion of the T-de- 
pendent zones, i.e. paracortex, and diminution 
of T lymphocytes in the blood has been re- 
ported. A plasma factor which depresses T 
lymphocyte function has also been described. 

There is usually a high titre of antibody to 
Myco. leprae in the serum of patients with lep- 
romatous leprosy, but this seems to afford little 
protection: drug therapy results in destruction 
of large numbers of bacilli, and release of anti- 
gen may then give rise to an acute Arthus reac- 
tion in the lesions (erythema nodosum leprosum) 
or generalised immune complex disease with 
glomerulonephritis (pp. 155-6). Another com- 
plication is amyloid disease. 

Sarcoidosis 

This disease, which is of unknown causation, is 
characterised by multiple granulomatous les- 
ions, and may affect lymph nodes, lungs, skin, 
spleen, eyes, salivary glands, liver and bones, 
particularly of the hands and feet. It is of 
world-wide distribution, but with great geogra- 
phical variation in incidence. It occurs over a 
wide age range, but most commonly in young 
adults, and is much more common in negroes 
than whites in the U.S.A., and in immigrants 
than natives in Great Britain. The highest re- 
ported incidence is in Sweden. 

The disease most commonly gives rise to en- 
larged mediastinal and pulmonary hilar lymph 
nodes, often without symptoms, but sometimes 
accompanied by fever. Other groups of lymph 
nodes are often: affected and minute lesions in 
tjae luags maypresent an x-ray picture resem- 


bling that of miliary tuberculosis. Sarcoid 
lesions also occur in the skin and occasionally 
erythema induratum (p. 1065) develops and may 
be the presenting clinical feature. Microscopic- 
ally, the sarcoid lesions consist of tubercle-like 
follicles composed of epithelioid cells with 
occasional giant cells and scanty peripheral 
lymphocytes (Fig. 8.21 and Fig. 18.10, p. 574). 
The giant cells may contain curio us _calcium- 
ric fi star-shaped or c onchoid inclusi ons ( aster- 
oid or SchaumamLb odks). Unlike tuberculosis, 
thelesions do not undergo caseation although 
there may be a little central necrosis. 



Fig. 8.21 Sarcoidosis of skin. The lesions consist of 
aggrega tes oT~" ibitftellOkl cells Wllft '"relaflV51y few 
lymphocytes In contrast to tuberculosis, there is 
little or no necrosis, x 80. 

The course of the disease is unpredictable: it 
may be acute or chronic, and temporary or per- 
manent remission may occur spontaneously. It 
can cause blindness by involving the uveal 
tract, and is occasionally fatal, usually as a 
result of fibrosis of the pulmonary lesions with 
consequent right ventricular heart failure, or as 
a result of intercurrent infections. Hypercal- 
caemia may develop with consequent renal 
damage. 

Diagnosis. Non-caseating epithelioid-cell 
granulomas, with or without giant-cell inclu- 
sions, are not diagnostic of sarcoidosis: they oc- 
cur in various conditions including tuberculosis, 
various fungal infections, syphilis, brucellosis 
and berylliosis. The diagnosis of sarcoidosis thus 
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depends also on the clinical features, the dis- 
tribution of the lesions, and on excluding the 
above possibilities. Sarcoid-like follicles are 
occasionally found incidentally in surgical and 
necropsy material and are of unknown signifi- 
cance. 

Intradermal injection of a sterile suspension 
prepared from sarcoid lesions (Kveim test) leads 
to the development of a lesion becoming maxi- 
mal in about six weeks and having the his- 
tological features of sarcoidosis. The test is 
positive in most cases of sarcoidosis, but con- 
flicting results have been reported in some 
other conditions, notably Crohn’s disease (p. 
620). During the course of sarcoidosis, tuber- 
culin tests are negative in most cases even when 
these are known to have been previously pos- 
itive and cell-mediated immunity in general is 
impaired. A fall in circulating T lymphocytes 
and a depressed response of T cells to PHA and 
other mitogens (p. 172) have also been re- 
ported. The capacity to produce antibodies, 
however, is normal or even increased. 

Aetiology. The significance of these im- 
munological features is obscure. The sarcoid 
lesion, consisting of epithelioid cells and lym- 
phocytes, is itself suggestive of a delayed hyper- 
sensitivity reaction, although no exogenous 
antigen has been shown to be involved. 

Subsequent development of tuberculosis has 
been observed in some patients, but sarcoidosis 
seems unlikely to be a modified form of tuber- 
culosis, because depression of delayed hyper- 
sensitivity (as in sarcoidosis) would be expected 
to be associated with a florid form of tuber- 
culosis. Also, the condition is not aggravated, 
and is sometimes improved, by administration 
of steroids. Various other aetiological factors 
have been suggested, but with little good sup- 
porting evidence. 

Syphilis 

Historical note 

It is generally believed that syphilis was introduced 
into Europe on the return of the Spanish sailors of 
Columbus from America and that by the end of 
1494 it had spread throughout Spain and along the 
Mediterranean coast into Italy. Within a century it 
had become widespread throughout Europe, having 
been carried everywhere by the mercenary troops 
returning to their own countries after the Siege of 
Naples (1495). At this time syphilis was clearly re- 


cognised as a new disease and its manifestations 
became so well known that Shakespeare was able to 
give a remarkably accurate (although anachronistic) 
account of them in Timon of Athens (Act IV, Scene 
3). Absence of syphilis from the Old World is sup- 
ported by the complete lack of evidence of the 
disease in skeletal remains dating back from 1494, 
whereas bones found in ancient tombs in Central 
America bear clear indications of the disease. The 
name comes from a poem composed in 1530 by 
Girolamo Frascatoro, a Verona physician, in which 
Syphilis, a swineherd, offended Apollo, who inflicted 
him with the disease. 

General features 

Formerly common, syphilis is now relatively 
infrequent in Western Europe: recent reports 
show some increase, particularly among homo- 
sexuals, but the rise is much less than for 
gonorrhoea. Syphilis is an important venereal 
disease, i.e. it is usually contracted by coitus 
and the primary lesion then develops on the 
external genitals. Rarely, extragenital infection 
occurs on the lip, tongue or breast and also on 
the fingers from handling infective lesions. The 
causal agent is a small motile spiral micro- 
organism or spirochaete, Treponema pallidum. 
It dies rapidly on drying and even if kept moist 
does not survive for long outside the body. 
Accordingly, infection is usually by direct con- 
tact, the presence of a minute abrasion or crack 
in the skin apparently facilitating invasion. The 
disease has a distinct incubation period, fol- 
lowed by a primary lesion and then a febrile 
secondary stage with skin eruptions, and this is 
sometimes followed by a tertiary stage, with 
localised lesions, and by a late stage of neuro- 
syphilis. It is convenient to give a general 
survey of the course of the untreated disease at 
this point. The special features of the individual 
lesions will be considered in the appropriate 
systematic chapters. 

‘Stages’ of syphilis 

The primary sore. The primary sore or chan- 
cre (Fig. 8.22) appears usually on the external 
genitals, after an incubation period of 2-12 
(usually 3-4) weeks, as a small, slowly growing, 
hard, pale brownish-red, usually painless 
nodule. The centre ulcerates and there may be 
some exudate which, in a skin lesion, is usually 
scanty and forms a crust. When the lesion is on 



218 Types of infection 



Fig. 8.22 Primary syphilitic chancre of penis. The 
lesion is seen as a swelling with (in this instance) cen- 
tral necrosis and ulceration: it is situated in the cor- 
onal sulcus and involves the reflection of the pre- 
puce. 


a mucous surface and the part is not kept 
clean, there may be more extensive ulceration, 
and various organisms, sometimes including 
other spirochaetes, are present in addition to 
Tr. pallidum. The ulcer persists for some weeks, 
during which the inguinal lymph nodes, usually 
on both sides, become somewhat enlarged and 
hard. Treponema pallidum is often detectable in 
the exudate of the ulcerated chancre, either by 
dark-ground microscopy or by fluorescence 
microscopy, using fluorescein-labelled anti- 
body: if this fails, it may be demonstrable in 
fluid withdrawn by puncture of the enlarged 
lymph nodes. Dissemination by the blood takes 
place before the appearance of the primary lesion, 
and syphilis has been accidentally transmitted 
by transfusion of blood withdrawn before the 
primary lesion had appeared in the donor. 

The primary chancre subsides spontaneously 
after a few weeks, leaving a slight scar. In a 
significant proportion of cases, it does not de- 
velop or passes unnoticed. 

Secondary lesions appear at a variable inter- 
val, usually from 2-3 months after infection; 
they include multiple symmetrical lesions of the 
skin and squamous mucous membranes. The 


skin rash may be macular, papular or pustular, 
;,$be palms of the hands and soles of the feet 
feemg commonly involved: Lesions of the hair 


follicles in the scalp lead to loss of the hair — 
alopecia. In the vulva, anus and perineum, flat 
raised papules sometimes develop — condy- 
lomata lata — and are intensely infective: they 
must not be confused with condylomata acum- 
inata, the so-called venereal warts, which are of 
viral nature. The buccal and pharyngeal 
mucosa shows white, shining patches caused by 
thickening of the keratinised layer, and these 
break down, giving 1 snail-track ulcers'. General 
slight enlargement of lymph nodes is also com- 
mon and is most easily detected in the super- 
ficial nodes. The secondary lesions are usually 
accompanied by fever, anaemia and general 
malaise. After some months all these features 
disappear spontaneously and the disease 
becomes latent. 

Tertiary lesions appear irregularly, especially 
in the internal organs, skin and mucous mem- 
branes; they are few in number but usually 
much larger than the primary and secondary 
lesions, and lead to serious and permanent 
damage. They rarely appear within the first few 
years, and sometimes only after many years. 
Tertiary lesions are characterised by diffuse 
chronic inflammation, often with central nec- 
rosis, and extensive formation of granulation 
tissue. If necrosis is present, the lesion is termed 
a gumma. The central necrotic portion is dull 
yellowish, firm and rubbery; this is surrounded 
by a more translucent capsule of young connec- 
tive tissue which has often a very irregular out- 
line (Fig. 25.8, p. 996). Tertiary lesions may 
occur in any tissue, but especially in the liver, 
testes and bones. They cause extensive destruc- 
tion, e.g. in the nasal bones with loss of the 
bridge of the nose and perforation of the 
palate, ulceration and destruction of the larynx, 
creeping ulcers in the skin, etc. Of special im- 
portance are the cardiovascular lesions. All ter- 
tiary lesions tend to heal eventually, and much 
distortion of the organs and interference with 
function may result from scarring. 

Neurosyphilis. Lastly, in a small proportion 
of cases there occur two important nervous dis- 
eases, tabes dorsalis and general paralysis. They 
are due to the actual presence of the spiro- 
chaetes in the central nervous system. 


Microscopic appearances 

The main feature of the early chancre is heavy 
cellular infiltration of the dermis (Fig. 8.23) 
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Fig. 8.23 Primary syphilitic chancre, showing the 
heavy cellular infiltration of the dermis. Most of the 
infiltrating cells (not readily identified at this mag- 
nification) are lymphocytes and plasma cells, x 120. 

with lymphocytes, plasma cells and occasional 
macrophages, which are mainly responsible for 
the hardness and swelling. At the periphery, the 
infiltrating cells lie mainly around the small 
vessels (periarteritis). Later, ulceration occurs 
with exudative inflammation and formation of 
granulation tissue. The histological features are 
not diagnostic without the demonstration of Tr. 
pallidum, which requires special staining tech- 
niques.* After a time the cellular infiltration 
gradually diminishes and only a little thicken- 
ing of the fibrous stroma remains. There is 
usually little or no residual scarring unless there 
has been much ulceration. 

In the secondary lesions in the skin and 
mucous membranes the main changes are vas- 
cular engorgement and infiltration, mainly of 
plasma cells, but also lymphocytes and macro- 
phages (Fig. 8.24). Cellular infiltration occurs 
also around and into the hair follicles, and 
the hairs may fall out. All these disseminated 
lesions of the skin and mucous membranes 
usually subside naturally, i.e. without specific 
therapy, and without scarring. 

The gumma of the tertiary stage consists of 



Fig. 8.24 Papular syphilitic rash, showing abun- 
dant cellular infiltration of the corium. Note also the 
hyperkeratosis, x 1 15. 

parenchymal necrosis, surrounded by a layer of 
connective tissue infiltrated with lymphocytes 
and plasma cells (Fig. 8.25). Eventual healing is 
accompanied by shrinkage, considerable scar- 
ring and distortion. Another common type of 
lesion is chronic interstitial inflammation or 
fibrosis, often spreading extensively, and some- 
times containing foci of gummatous necrosis. 
In the necrotic tissue, the structural outlines 
may be preserved for a long time, the cells not 
having the same tendency to fuse into amorph- 
ous material as is seen in caseous tuberculosis. 
Giant cells may be present in the granulation 



Fig. 8.25 Section of part of a gumma, showing the 
necrotic centre ( upper left), bounded by connective 
tissue heavily infiltrated with lymphocytes, x 250. 


* Tr. pallidum is argyrophilic (p. 648) and is thus stained by Levaditi’s and similar methods based on deposition of 
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tissue at the periphery, but they are usually 
smaller than in tuberculosis, and there are no 
well-formed follicles. Nevertheless the his- 
tological diagnosis between the two diseases may 
be difficult. The important vascular lesions of 
syphilis are described later; those in the larger 
arteries are due to the presence of spirochaetes 
in the adventitial sheath and media: they give 
rise to cellular infiltrations like those described 
above, and some medial necrosis may follow. 

The number of spirochaetes in gummatous 
lesions is small, and the necrosis seems to be 
due either to ischaemia resulting from endarter- 
itis of small vessels, or to a hypersensitivity 
reaction, possibly of delayed type. 

A non-venereal form, termed endemic syph- 
ilis occurs in children in parts of Africa and 
India, and a similar condition, bejel affects 
young children in Arab countries. 

Congenital syphilis 

The first pregnancy after untreated infection is 
likely to terminate prematurely with a mace- 
rated fetus, in the tissues of which spirochaetes 
are abundant. The parenchymatous organs 
show diffuse proliferation of fibroblasts with 
minute foci of necrosis — miliary gummas- and 
there is severe damage to the liver, lungs, pan- 
creas, etc. In subsequent pregnancies the effects 
are progressively less severe. The next child 
may be born alive with lesions of congenital 
syphilis, including a papular rash around 
mouth and nose, on the buttocks, palms of 
hands and soles of feet. Disease of the nasal 
bones and mucosa leads to ‘snuffles’ and inter- 
ference with feeding. Syphilitic hepatitis with 
jaundice, splenomegaly, and lesions in the 
bones are also common. Later a characteristic 
deformity appears in the incisor teeth, which 
are peg-shaped with notched edges (Hut- 
chinson’s teeth) and there is also pitting of the 
first permanent molars. Still later, neurosyphilis 
may develop and also intestitial keratitis caus- 
ing corneal opacity and blindness. Pregnancy 
has a curiously ameliorating effect on syphilitic 
lesions ip the mother, who may appear healthy 
in spite of producing syphilitic offspring. 

:;M:; feast three distinct antibodies develop in 
J^fpwilis, and their detection in the serum is of 


considerable diagnostic value. The older tests 
are based on the detection of antibody reactive 
with the diphosphatidylglycerol component of 
phospholipids of mitochondrial membranes. 
Alcoholic extract of beef heart muscle (‘ car - 
diolipin ’) is employed as antigen, but extracts of 
various normal animal and human tissues may 
also be used. Antibody is demonstrable by vari- 
ous precipitation (flocculation) techniques, e.g. 
the Kahn, Kline or VDRL (venereal disease 
research laboratory) tests, or by the Wasser- 
mann test which is based on complement fixa- 
tion (p. 112). These are the so-called standard 
tests for syphilis: they are useful screening tests, 
antibody being detectable from an early stage, 
but are not specific for syphilis, false positive 
reactions occurring in various conditions, in- 
cluding many acute infections, malaria, infec- 
tious mononucleosis, mycoplasmal pneumonia, 
trypanosomiasis, leprosy and systemic lupus 
erythematosus. The tests are also positive occa- 
sionally in apparently normal individuals, par- 
ticularly during pregnancy. It is not understood 
why antibody to diphosphatidylglycerol de- 
velops in syphilis: it fulfils the criteria of an auto- 
antibody (p. 1 6 1 ), and the false positive reactions 
may result from auto-immunisation as a result of 
tissue destruction from causes other than syphilis, 
with release of cellular constituents. 

A second antibody, which reacts with group 
antigen common to various species of trepo- 
nemes, may be detected by a complement- 
fixation test, using as antigen non-pathogenic 
treponemes which grow readily in culture; this 
is also used as a screening test but is not specific 
for syphilis. 

Confirmatory tests for syphilis depend on the 
demonstration of antibody specific for Tr. pal- 
lidum by (a) the treponemal immobilisation 
test in which the patient’s serum is added to a 
suspension of living Tr. pallidum and antibody 
is indicated by immobilisation of the trepo- 
nemes, or (b) the fluorescent antibody tech- 
nique in which binding of antibody to Tr. pal- 
lidum is demonstrated by means of fluorescein- 
labelled anti-immunoglobulin (p. 111). 

Antibody tests usually become positive a 
week or so after the appearance of the primary 
lesion: they are virtually always positive in the 
secondary stage, following which the per- 
centage of positives falls. In neurosyphilis, anti- 
body is more likely to be detected in the cere- 
brospinal fluid than in the serum. 
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Following cure, the antibody tests become 
negative, although the specific treponemal anti- 
bodies may persist for some years. 

The protective role of specific immunity in 
syphilis is suggested by the overwhelming in- 
fection which sometimes occurs in the im- 
munologically immature fetus. Some of the feat- 
ures of secondary syphilis, including the wide- 
spread skin lesions and occurrence of arthralgia 
and occasionally glomerulonephritis, are prob- 
ably due to the union of large amounts of tre- 
ponemal antigen with circulating antibody, to 
form immune complexes (pp. 155-6). In both 
congenital and secondary syphilis, lymphocyte 
depletion in the T-dependent areas of the 
spleen and lymph nodes, and depressed T-cell 
function, have been reported. 

Other treponemal diseases 

Two other diseases caused by treponemes occur 
in tropical countries. One is yaws, which re- 
sembles syphilis but is non-venereal and rarely 
causes cardiovascular or neurological disease. 
The causal agent, Tr. pertenuae cannot be dis- 
tinguished from Tr. pallidum and infection with 
either confers immunity to both: the distinction 
from syphilis is based on clinical features. The 
second condition is pinta, another non-venereal 
chronic disease somewhat resembling syphilis: 
it is caused by Tr. carateum which does not 
confer immunity to syphilis. 

Other pathogenic spirochaetes 

These include the Borreliae, which are trans- 
mitted by lice and ticks, and cause relapsing 
fever (p. 696) and the Leptospirae which infest 
rodents, etc., and cause febrile illnesses, the 
best known being Weil’s disease (p. 695). 

Actinomycosis 

This disease is produced by organisms which 
are normal commensals in the mouth and gut 
and only occasionally invade the tissues to pro- 
duce infection. The actinomyces are branching 
bacteria which grow in the tissues to produce 
characteristic radiate colonies, sometimes vis- 
ible macroscopically. In man, the micro-aero- 
philic Actinomyces israelii is the chief pathogen, 
but occasionally aerobic organisms — Nocar - 
dia — are involved, and also other species, 


which grow more diffusely. In bovines, in 
which actinomycosis due to Actino. bovis is 
common, the lesions are localised and are large 
granulomatous masses which occur especially 
in and around the jaw. In man the disease 
usually affects children and young adults, more 
often males than females, and agricultural wor- 
kers appear to be particularly at risk. The les- 
ions are of a more suppurative type, and in 
about 70 per cent of cases are in the region of 
the mouth or jaws, the parasite gaining en- 
trance commonly from a tooth socket follow- 
ing extraction or from a carious tooth. In 15 per 
cent the infection is in the appendix or caecal 
region, from which spread by the blood stream 
to the liver may occur; in about 10 per cent the 
initial lesion is in the lung and in 5 per cent it is 
subcutaneous. The lesion is usually a chronic 
suppurative one, with formation of multiple 
abscesses, each containing one or more colonies 
of the organism — the so-called honeycomb 
abscess. Fibrous septa between the abscesses 
are lined by granulation tissue which contains 
many foamy cells — macrophages laden with 
lipid — giving the lining of each abscess a yel- 
lowish colour. In the centre is pus containing 
actinomyces colonies (Fig. 8.26), which are 
sometimes visible by naked eye as small yellow 
or grey, gritty granules (‘sulphur granules’). 



Fig. 8.26 Actinomycosis. A colony of Actinomyces 
israelii in a small abscess, the wall of whicE consists 
of granulation tissue heavily infiltrated with lipid- 
laden (foamy) macrophages, x 190. 
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Lesions of the face and neck, originating about 
the jaw, may produce much granulation tissue 
in which many small foci of suppuration persist 
and discharge through the skin, resulting in 
multiple sinuses. The infection spreads directly 


Other Types of Infection 

Rickettsial infections 

The ricketlsiae are micro-organisms of various 
shapes, smaller than bacteria but resembling 
them in their structural and metabolic features, 
including presence of a cell wall. They are obli- 
gatory intracellular parasites and infect many 
species including arthropods, birds and mam- 
mals. Several species of rickettsiae cause disease 
in man: in most instances they enter the body 
by the bites of infected ticks or mites, or from 
infected louse or flea faeces being scratched 
into the skin. The organisms enter and multiply 
in the endothelium of the capillaries and other 
small blood vessels; they are at first localised to 
the site of infection, but blood dissemination 
occurs during the incubation period and endo- 
thelial involvement then becomes widespread. 
Capillary obstruction from endothelial swelling 
or thrombosis occurs, with resultant necrosis in 
heavily involved tissues, and a mixed cell reac- 
tion develops, including polymorphs, macro- 
phages, lymphocytes and plasma cells. 

The rickettsial diseases include endemic (murine) 
typhus, caused by R. mooseri and transmitted by the 
rat flea; epidemic typhus (R. prowazeki) and trench 
fever (R. quintana) which are spread by the body 
louse: the spotted fever group {R. rickettsi, etc.) 
transmitted from various animals to man by the 
bites of infected ticks or mites, and finally scrub 
typhus (R. tsutsugamuchi ), transmitted from rodents 
to man by a mite. Epidemic and endemic typhus are 
of world-wide distribution: the epidemic disease 
occurs in crowded louse-infested communities, and is 
common in times of war, earthquakes and other 
major disasters. Man is the only known reservoir of 
infection of R. prowazeki , which can persist for years 
as a latent infection and cause relapse ( recrudescent 
typhus' or BrUi-ZinsSer disease): such cases are re- 
sponsible for fresh outbreaks. 

Various forms of spotted fever are related to par- 
ticular localities. 

The rickettsial diseases vary ja their severity and 


through the tissues but does not usually involve 
the regional lymph nodes; if untreated it tends 
to invade the bloodstream, giving rise to pyae- 
mia with secondary abscesses in the liver, lungs 
and other organs. 


pathological detail: in all, the small blood vessels are 
involved, and lesions tend to result especially in the 
brain, heart and skin. Infected material is par- 
ticularly dangerous to laboratory workers, and diag- 
nosis is usually made by demonstrating a rising titre 
of antibody, either in the patient or in laboratory 
animals inoculated with the patient’s blood, etc. 
Only R. quintana has been cultured successfully in 
cell-free media. 

Q fever is a typhus-like illness caused by the 
Coxiella burned which closely resembles the rick- 
ettsiae but differs from them in its antigenicity and 
in being much more resistant to drying, etc. and in 
being capable of both intracellular and extracellular 
growth. It is a parasite of domesticated animals of 
worldwide distribution and man is infected by in- 
halation of droplets while attending to animal births 
or by drinking infected milk, etc. Q fever usually 
presents as a ‘non-bacterial’ pneumonia, although 
lesions may occur in the brain and other organs. 
Cox. burned may also colonise the valves of the 
heart, producing a form of infective endocarditis. 

Diagnosis is usually based on a rising titre of anti- 
body, but demonstration of Cox. burned in the 
blood by guinea-pig inoculation is sometimes neces- 
sary. 

Mycoplasmal infections 

Mycoplasmas are very small filamentous or cocco- 
bacillary micro-organisms which lack a cell wall but 
can be grown in cell-free media and are classed as 
bacteria. They are! distributed widely and are patho- 
genic to many animal and plant species. In man only 
one species. Mycoplasma pneumoniae , has been 
shown conclusively to be pathogenic, although other 
mycoplasmas have been isolated from the lesions of 
various other diseases. A major difficulty arises from 
their ubiquity and the consequent contamination of 
culture media; they can pass through bacteria-retain- 
ing filters and are also liable to contaminate cell cul- 
tures used in virology and for other purposes. 

Mycoplasma pneumoniae is the cause of one form 
of ‘non-bacterial’ pneumonia, which is endemic in 
most parts of the world and also occurs as out- 
breaks, particularly in children. The organism dis- 



seminates in the body and may cause a meningo- 
encephalitis. The immune response includes the pro- 
duction of an antibody which cross-reacts at low 
temperatures with a human red cell antigen, and is 
responsible in some cases for acute haemolysis. 

Chlamydial infections 

The chlamydiae are a group of spherical micro- 
organisms intermediate in size between the larger 
viruses and bacteria. They are obligatory intracellular 
parasites, but otherwise resemble bacteria far more 
closely than viruses. The vegetative form multiplies 
by binary fission, and infection is spread by a smaller 
compact spore-like form (elementary body) which 
can survive, but not divide, extracellularly. 

These organisms are enzootic in certain birds, in- 
cluding the psittacines (parrot family), and also 
cause infections in sheep, goats and cattle. In man, 
they are responsible for the sexually transmitted dis- 
ease lymphogranuloma inguinale, for eye infections, 
the most important being trachoma, and for pul- 
monary infection (ornithosis) which results from in- 
halation of the organism. The initial reaction to 
chlamydial infection is granulomatous, with accum- 
ulation of macrophages and lymphoid cells, necrosis, 
formation of granulation tissue and scarring. In lym- 
phogranuloma inguinale a small ulcerating primary 
lesion develops in the genitalia, but the draining 
lymph nodes become grossly involved and prolonged 
suppuration and extensive scarring result. Similar 
lesions occur extragenitally in cat-scratch disease, 
but the causal agent is uncertain. 

Both antibodies and cell-mediated immunity de- 
velop in chlamydial infections, the latter probably 
being the more important in the elimination of the 
infection. These diseases are considered more fully in 
the appropriate systematic chapters. 

Yeasts and fungi ( Eumycetes ) 

Yeasts and fungi are primitive eukaryotic 
micro-organisms which are now usually classi- 
fied as neither plant nor animal. They are 
mainly saprophytic and make an important 
contribution to the breakdown of dead animal 
and plant tissues. Only a few of the very many 
known species are pathogenic to man, and with 
some exceptions the lesions are superficial and 
not serious. Good examples of such infection 
are athlete’s foot and thrush (candidiasis). 
However, in drug addicts, severely ill patients, 
and particularly in those with T-cell deficiency 
or on immunosuppressive therapy, some of the 
fungi can cause more extensive or even systemic 
infections. 
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Fungi grow typically as filamentous branch- 
ing hyphae which form an interlacing myce- 
lium; they produce spores, commonly on pro- 
jecting (aerial) hyphae. Yeasts consist of simple 
spherical or ovoid cells which multiply by 
budding, but the distinction from fungi is not 
sharp, for the so-called dimorphic fungi can 
assume the form of either hyphae or yeasts, 
depending on the environmental conditions. 

In general, superficial infections with yeasts 
or fungi promote a mild inflammatory reac- 
tion. The reactions to deeper and more ex- 
tensive infections vary considerably depending 
on the nature of the parasite and the host re- 
sponses: they include necrosis, abscess forma- 
tion, granulation tissue, and aggregation of 
macrophages, lymphocytes and plasma cells. In 
some instances, an epithelioid and giant-cell 
reaction results in appearances similar to those 
of tuberculosis, and various hypersensitivity 
reactions may contribute to the pathological 
changes. Host defence appears to be mediated 
largely by cell-mediated immunity. 

In superficial infections, diagnosis can often 
be made from the appearance of the lesion, 
supported by microscopy of skin or mucosal 
scrapings, but cultivation on suitable media is 
sometimes necessary. 

Some examples of yeast and fungal infections 
are described briefly below. 

Candidiasis. Candida albicans is normally present 
in the mouth and intestine, and on the surface of 
moist areas of the skin. Superficial invasion and pro- 
liferation results in white patches (thrush) consisting 
of yeast forms and elongated cells (pseudohyphae), 
with mild inflammation of the affected tissue. It 
occurs in the vagina, particularly in pregnancy, and 
in the mouth, particularly in infants and in patients 
on oral antibiotic therapy. More extensive local and 
systemic infections occur in debilitated, im- 
munodeficient or immunosuppressed patients. 
Muco-cutaneous candidiasis, affecting principally the 
face, scalp and mouth, is a chronic and extremely 
disfiguring condition when it affects children with 
various grades of T-cell deficiency. In some cases, 
administration of transfer factor (p. 131) has been 
followed by remarkable and sometimes prolonged 
remission. Oesophageal thrush (Fig. 19.18, p. 599) is 
a common finding at necropsy in subjects who have 
died following a chronic debilitating disease. 

Systemic candidiasis is rare; the lesions consist of 
multiple small abscesses, resembling those of pyae- 
mia, and are usually most numerous in the kid- 
neys. 

Aspergillosis. The spores of various species of 
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aspergillus, which are filamentous fungi (Fig. 16.32, 
p. 481), are present in the atmosphere, and large 
numbers are inhaled, particularly by agricultural 
workers: clinical infection is, however, uncommon. 
It is largely confined to the bronchi and lungs and is 
usually due to Aspergillus fumigatus. In most cases 
there are predisposing factors, such as steroid ther- 
apy or the presence in the lungs of bronchiectatic or 
old tuberculous cavities in which large aspergillus 
colonies may develop. The fungus may be more 
aggressive, and produce suppurating and granulating 
lesions in the lungs: occasionally it invades blood 
vessels, causing septic thrombosis, and a pyaemic 
condition. 

The immune response includes antibodies and 
cell-mediated immunity, and complex hypersen- 
sitivity reactions may result. In Northern Sudan, a 
tumour-like granuloma occurs in the paranasal 
sinuses and orbit. 

Histoplasmosis. This is caused by the dimorphic 
fungus, Histoplasma capsulatum , and occurs in many 
parts of the world, including some parts of North 
America and Europe. In Africa, most cases are due 
to H . duboisii. Infection usually results from inhala- 
tion of spores, which are present in soil and in the 
faeces of dogs, cats, rodents, bats and birds. In man, 
pulmonary lesions are most common; they may be 
single or multiple and usually heal and become cal- 
cified. The hilar lymph nodes are often involved. 
Progressive lung disease sometimes develops and re- 
sembles chronic pulmonary tuberculosis in its 
effects. The organism multiplies in macrophages, in 
which it is seen as multiple small yeast-like bodies 
with a double contour: aggregates of macrophages 
undergo caseous necrosis. In disseminated infection 
the macrophages throughout the body are colonised 
and large lesions occur in the liver, spleen, adrenals, 
marrow, etc. 

In areas of high incidence, skin tests with an ex- 
tract of H. capsulatum elicit a delayed hypersen- 
sitivity reaction in most individuals, indicating that a 


high percentage of the population has developed 
immunity. 

Cryptococcosis is caused by the yeast Cryptococcus 
neof ormans , which grows in the droppings of 
pigeons and other birds. Infection in man occurs 
sporadically throughout the world. It probably re- 
sults from inhalation of the organism, and produces 
a localised granulomatous pulmonary lesion: this 
may heal or extend, and spread may occur by the 
bloodstream, resulting in widespread granulomatous 
lesions mostly in the skin, lymph nodes and bones. A 
chronic meningitis also occurs, in which masses of 
yeast arc seen macroscopically as gelatinous material. 

Sporotrichosis is caused by a dimorphic fungus, 
Sporothrix schenckii , which is saprophytic on plants 
and is present in soil. Infection in man results from 
accidental inoculation of wounds or minor trauma. 
Chronic suppurating lesions develop locally and 
along the line of the draining lymphatics, but sys- 
temic infection is rare. 

Protozoal and metazoal parasites 

Most of the serious diseases caused by proto- 
zoan and metazoan parasites are now largely 
confined to tropical and sub-tropical countries, 
where they are responsible for an enormous 
amount of suffering. Because of the increase in 
world travel, however, these diseases are now 
encountered more often in visitors and immi- 
grants to temperate areas, and an awareness of 
this is of major diagnostic importance. 

The nature of the parasites, their life cycles 
and the features of the diseases they cause, are 
so varied that few useful generalisations can be 
made, and accordingly the more important 
individual diseases are described briefly in later 
chapters, under the systems in which they pro- 
duce their major effects. 
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Disturbances of Blood Flow and Body Fluids 


Disturbances of the flow of blood are inti- total and local blood flow, the processes of 
mately associated with lesions which affect thrombosis and clotting of the blood, and 
the functioning of the heart and blood vessels: the disturbances in composition and volume 
such lesions will be considered systematically of the body fluids. Accordingly, this chap- 
in later chapters. Meanwhile it is useful to ter provides a general account of these pheno- 
outline the main features of disturbances in mena. 


Changes in Flow and Distribution of the Blood 


Increase in total blood flow 

This occurs when a sufficient number of arter- 
ioles relax to result in significant increase in the 
rate of passage of blood from the arterial to the 
venous compartment of the circulation. Phy- 
siological examples include the active hyper- 
aemia in the skeletal muscles during physical 
activity and in the splanchnic circulation 
dining digestion of a heavy meal. Pathological 
conditions causing an increase in total blood 
flow include the following. 

(a) Hypoxia, which consists of significant fall 
in the amount of oxygen delivered to the 
tissues. This occurs in anaemia, i.e. a reduction 
in the amount of haemoglobin in the blood. In 
severe anaemia, cardiac output increases, but 
not enough to compensate for the reduced 
oxygen carrying capacity of the blood, and the 
tissues suffer from anaemic hypoxia. 

Hypoxia occurs also when, as a result of var- 
ious abnormalities of pulmonary function, the 
arterial blood is not fully oxygenated (hypoxic 
hypoxia). In lesions which interfere with pul- 
monary ventilation, the situation is com- 
plicated by increased P COi of the blood, which, 
together with lowered P 0i , is termed asphyxia. 
Congenital abnormalities of the heart or great 
- vessels which result in mixing of venous and 
arterial blood can also cause hypoxic hypoxia 

m ' 


Increased cardiac output is a feature of these 
various conditions, but it does not, of course, 
occur in heart failure, in which ischaemic 
hypoxia results from diminished perfusion 
of the tissues due to failing capacity of the 
heart to maintain the circulation. 

(b) Increased metabolic activity. The general 
body metabolism is increased in hyper- 
thyroidism (thyrotoxicosis), in fever, and con- 
valescence from severe injury. The increased 
metabolism in these conditions is associated 
with an increased total blood flow. 

(c) Arterio-venous shunts. A single large com- 
munication (fistula) between an artery and 
vein, such as sometimes results from trauma, 
allows the transfer of part of the cardiac output 
to the venous side of the circulation, and so 
reduces the amount of arterial blood available 
for tissue perfusion. 

(d) Extensive active hyperaemia. In general- 
ised inflammatory conditions of the skin, the 
active hyperaemia is sufficiently extensive to 
cause a significant increase in total blood flow. 
Similarly, a chronic increase in total blood flow 
occurs in Paget’s disease affecting several large 
bones. In this condition, the marrow cavity of 
the affected bones is replaced by vascular 
granulation tissue, with local increase in 
blood flow. Also, there is persistent reflex 
active hyperaemia of the overlying skin and 



soft tissues, and the total blood flow is con- 
sequently increased (see Singer et al., 1978). 

(e) Liver failure. The cause of increased 
blood flow in liver failure is uncertain: it may 
be due to the vasodilator effects of accum- 
ulated metabolites, or of compounds absorbed 
from the gut, which are normally removed 
from the blood by the liver cells. 

In these various conditions, increased cardiac 
output is associated with a lowering of arter- 
iolar tone: the pulse is bounding (of high amp- 
litude) and the skin is warm and pink. The 
mechanism of these changes is complex and 
not fully understood: the autonomic nervous 
system, vasomotor centres, adrenal cortex and 
medulla, local effects of tissue metabolites, 
baro- and chemo-receptors, are all involved. If 
long continued, as in untreated hyper- 
thyroidism, the increased work of the heart 
is likely to lead to ‘high-output’ cardiac failure, 
particularly in older people and especially if the 
heart is already handicapped by coronary 
artery disease or other abnormalities. 

Locally increased blood flow 

The outstanding example of a pathological in- 
crease in local blood flow is acute inflammation, 
in which arteriolar dilatation results in active 
hyperaemia (p. 45) and the characteristic 
warmth and erythema of the inflamed tissue. 
Active hyperaemia occurs also following a 
period of temporary obstruction of the circula- 
tion: this is important when the local circula- 
tion is arrested to facilitate a surgical opera- 
tion, e.g. on a limb, for hyperaemia develops 
gradually, and small vessels which do not bleed 
immediately after the circulation is restored 
may subsequently do so. 

Reduction in total blood flow 

This is a feature of heart failure, in which the 
heart is incapable of maintaining the normal 
output. The condition may occur acutely, 
usually as a result of myocardial infarction, 
or chronic heart failure may result from in- 
' adequate function of the myocardium, usually 
due to coronary artery disease or to increased 
workload as in valvular lesions or pulmonary 
or systemic arterial hypertension. Chronic 
heart failure is often progressive; the heart is 
incapable initially of supplying the increased 
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output required during physical activity, etc., 
but eventually it may fail to maintain an ade- 
quate circulation even at rest. 

Reduced cardiac output is also the major 
feature of the acute condition of shock, in 
which grossly inadequate tissue perfusion can 
be fatal (pp. 260-5). 

The cardiac output is also reduced in states 
of general metabolic depression, the commonest 
example being hypothyroidism, but in this 
instance it simply reflects the reduced require- 
ments for tissue perfusion and is not of patho- 
genic importance. 

The serious effects of heart failure are due 
very largely to defective tissue perfusion, which 
impairs the functions of all the organs. There 
are, however, two important structural effects: 
one is general venous congestion, from which 
the term congestive heart failure is derived: it is 
described below. The other is an increase in 
extravascular fluid, giving rise to oedema, 
which is described on pp. 253 et seq. 

Local reduction in blood flow 
(local ischaemia) 

This is of extreme importance since it accounts 
for a high proportion of cardiac and cerebral 
disease. Reduction of flow is usually due to 
arterial narrowing, or complete obstruction by 
thrombosis or embolism. These latter processes 
are described on pp. 235-45, and local 
ischaemia on pp. 245-51. 

Local ischaemia can result also from venous 
obstruction, when it is accompanied by local 
venous congestion and commonly by oedema. 

Venous congestion 

When the heart fails to expel the normal 
amount of blood, arteriolar tone in general in- 
creases and a greater proportion of the blood 
accumulates in the venous compartment, which 
is readily distensible. This, together with an 
increase in blood volume (the mechanism of 
which is poorly understood) causes the veins to 
become engorged with blood. Systemic venous 
congestion, i.e. engorgement of the systemic 
veins, is most severe when the failure is pre- 
dominantly of the right ventricle, as occurs in 
narrowing (stenosis) of the pulmonary valve 
orifice and in various diseases of the lungs 
which interfere with pulmonary blood flow. 
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P ulm onary venous congestion develops when 
there is failure of the left ventricle, as in many 
cases of coronary artery disease or systemic 
arterial hypertension: it occurs also when mitral 
valve stenosis restricts the flow of blood into 
the left ventricle, and may be present for many 
years without the development of heart failure. 
In both conditions, there is a rise in pulmonary 
arterial pressure due to hypertrophy and in- 
creased tone of the pulmonary arterioles, often 
leading to right ventricular failure and systemic 
venous congestion. 

Venous congestion may also be localised to 
parts of the systemic circulation as a result of 
obstruction to the venous outflow. Such local- 
ised venous congestion is commonly seen as a 
result of thrombosis of the leg veins, often ex- 
tending up to and involving the femoral vein. It 
occurs in the spleen and gastro-intestinal tract 
when portal venous flow is obstructed, as in 
cirrhosis of the liver. Various other veins may 
be obstructed, either by thrombosis or by pres- 
sure or constriction by a tumour or by scar 
tissue. 


level where the blood is at atmospheric pres- 
sure. 

Because of the reduced blood flow in heart 
failure, the degree of oxygen dissociation in the 
capillaries is greater than normal, and in vas- 
cular tissues there may be sufficient reduced 
haemoglobin to give the purple-blue colour of 
cyanosis: this is seen, for example, in the lips 
and buccal mucosa. When there is also systemic 
venous congestion, the distension of the 
venules and capillaries with sluggishly-flowing 
oxygen-deficient blood increases the degree of 
cyanosis. Venous congestion may be present 
without oedema, but oedema usually accom- 
panies severe congestive heart failure: it is most 
marked in the lower parts of the body, and 
chronic hypoxia and the increased venous pres- 
sure are probably both contributory factors. 

Structural changes of systemic venous conges- 
tion. Apart from gravity-dependent oedema (p. 
255), the structural changes in systemic venous 
congestion are most obvious in the abdominal 
viscera. The liver may be moderately enlarged 
and is often tender and palpable. Micro- 
scopically, the centrilobular veins* are dis- 


Systemic venous congestion 

As explained above, this usually results from 
heart failure and, depending on the nature of 
the heart lesion, may be acute or chronic. In both 
instances, the outlook depends on the re- 
versibility or otherwise of the cardiac failure: if 
this persists for long, the morphological 
changes of chronic venous congestion are strik- 
ing, but it must be emphasised that the con- 
gestive element is less important than the in- 
adequate tissue perfusion of heart failure. 

The systemic veins can dilate to accommo- 
date more blood without an immediate rise of 
venous pressure, but as the congestion in- 
creases, the pressure rises. This may be de- 
monstrated directly by venous catheterisation, 
but commonly it is apparent from pulsation of 
the veins in the neck when the patient is sitting 
or standing. Normally, the neck veins in these 
postures are partly collapsed and do not pul- 
sate visibly, the pressure in them being slightly 
below atmospheric. When venous pressure rises, 
however, the veins in the lower part of the neck 
are distended, and they pulsate at about the 



Fig. 9.1 Liver in chronic venous congestion, show- 
ing centrilobular atrophy and disappearance of liver 
cells accompanied by dilatation of sinusoids (rt. side 
of figure), x 105. 


, *The relationship between the traditional liver lobule and the acinus, the newer concept of the structural unit of the 
is described o# (£ 661. 
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tended and the central part of each lobule con- 
sists of distended sinusoids, the hepatocytes 
having undergone atrophy and disappeared 
(Fig. 9.1). Macroscopically, this results in ac- 
centuation of the lobular pattern, the dark, 
congested centrilobular areas contrasting with 
the paler, sometimes fatty peripheral lobular 
cells (Fig. 9.2). Because of its similarity to the 
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Fig. 9.3 Nodules of hyperplasia in the liver in 
chronic venous congestion, giving the irregular 
appearances of so-called cardiac cirrhosis, x 1. 

shows congestion of the venous sinuses in the 
red pulp, with some thickening of the reticulin 
framework and atrophy of the medullary cords 
(Fig. 9.4). More marked congestion of the 


Fig. 9.2 The cut surface of the liver in chronic 
venous congestion. The congested centrilobular 
zones are dark, and contrast with the pale peri- 
pheral-lobular zones, giving the nutmeg-like ap- 
pearance. x 1-8. 

surface of a nutmeg cut longitudinally, this 
appearance has long been described by path- 
ologists as ‘nutmeg liver’. In some cases, and 
particularly when there have been recurrent 
periods of congestive heart failure, cen- 
trilobular fibrosis occurs and nodules of hyper- 
plastic parenchyma result from compensatory 
proliferation of surviving hepatocytes. The liver 
then appears diffusely irregular (Fig. 9.3): al- 
though commonly termed cardiac cirrhosis, 
these changes differ from true cirrhosis and do 
not progress to liver failure. 

The spleen may be enlarged up to 250 g. It 
feels firm and maintains its firmness and shape 
on slicing, little blood escaping from the cut 
surface. The red pulp is congested and appears 
almost black: the Malpighian bodies may be 
visible as contrasting pale spots. Microscopy 



Fig. 9.4 Chronic venous congestion of the spleen. 
The vascular sinuses are distended with blood, and 
the intervening medullary cords are relatively in- 
conspicuous. x250. 
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spleen is seen in portal venous hypertension (p. 
692). 

The kidneys may be slightly enlarged and the 
medulla is particularly dark and congested; 
congestion is less obvious in the cortex, and 
appears as dark radial streaking (Fig. 9.5). 



Fig. 9.5 Kidney in chronic venous congestion, 
showing the intense vascular engorgement, par- 
ticularly of the medulla, x 0-7. 

These changes in the abdominal viscera are 
without serious effects: there may be mild or 
sub-clinical jaundice, and some red cells and 
protein in the urine, but the underlying condi- 
tion of cardiac insufficiency is far more import- 
ant. 

In venous congestion of the lungs, the pul- 
monary venules and alveolar capillaries are 
engorged with blood (Fig. 9.6) and their walls 
become thickened. Red cells escape into the 
alveoli, sometimes resulting in bloodstained 
sputum, but many of them are broken down by 
alveolar macrophages, which come to contain 
large amounts of haemosiderin. The macro- 
phages accumulate in the alveoli around re- 
spiratory bronchioles (Fig. 10.10, p. 279) and as 
b&fiBibsiderin is gradually released, the reticulin 



Fig. 9.6 Chronic pulmonary congestion, showing 
thickening of the alveolar walls, capillary congestion, 
and free (iron-containing) macrophages in the 
alveolar spaces. x210. 

fibres in the alveolar walls become encrusted 
with it and fibrous thickening occurs. These 
changes result in increased firmness and give 
the lung a brown appearance ( brown indura- 
tion). The fine structural changes of pulmonary 
venous congestion are described on p. 457. 

Many patients with chronic pulmonary 
congestion suffer from attacks of pulmonary 
oedema. They also develop pulmonary hyper- 
tension with its associated vascular changes (pp. 
454-7). The iron-laden macrophages may be 
found in the sputum: they have been termed 
‘heart failure’ cells, but are often present in pul- 
monary venous congestion, e.g. in mitral steno- 
sis, for years before heart failure supervenes. 

Local venous congestion 

As mentioned above, this results from mech- 
anical interference with the venous drainage of 
blood from an organ, limb, etc. The effects 
depend on the rapidity, degree and duration of 
obstruction and also on the local vascular 
arrangements. 

Acute venous obstruction, e.g. by thrombosis 
or by a ligature does not usually cause com- 
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plete arrest of blood flow because in most parts 
of the body there is sufficient venous an- 
astamosis to carry the blood away from the 
drainage area affected. In a few places, e.g. in 
the intestine, venous anastomosis is inadequate: 
the tissue becomes swollen, engorged with 
blood, and haemorrhagic due to rupture of 
small vessels. Ischaemic necrosis (venous in- 
farction, p. 248) then develops. 

In most sites, acute venous obstruction has 
less serious effects, and acute congestion either 
subsides or becomes chronic. This is illustrated 
by thrombosis of the deep veins of the leg, 
which is the commonest example of local 
venous obstruction, and often extends up to the 
femoral vein and even beyond. The limb may 
become cold, cyanosed and oedematous, but 
there is nearly always sufficient anastomosis to 
prevent infarction. The effects tend to subside 
gradually, partly because the anastomotic 
channels increase in calibre, and partly because 
the size of the thrombus is reduced by contrac- 
tion and by digestion by plasmin. The lumen of 
the occluded vessel is often largely restored, 
and blood flow increases. Eventually, organisa- 
tion and recanalisation of residual thrombus 
may further restore blood flow, but in spite of 
these changes, deep vein thrombosis, if ex- 
tensive, sometimes results in chronic venous 
obstruction and persistent oedema of the limb. 
Venous valves may be put out of action if they 
are caught up in an organising thrombus, and 
this may also be a source of persistent trouble. 

Chronic venous obstruction may result from 
thrombosis, as mentioned above, or from com- 
pression or invasion of a vein by tumour, or 
constriction by fibrous tissue. When obstruction 
develops gradually, collateral veins enlarge 
(Fig. 9.7) and drainage is often well main- 
tained. 


Haemostasis and Thrombosis 



Fig. 9.7 Infra-red photograph showing enlargement 
of superficial veins to establish collateral circulation 
in a patient with obstruction of the inferior vena 
cava. (Dr. G. Watkinson.) 

In chronic portal venous obstruction, which 
is an important effect of cirrhosis of the liver, 
the veins connecting the portal venous tribu- 
taries with systemic veins become enlarged 
and help to drain the portal system, but one 
such group of anastomotic veins, which run 
longitudinally in the submucosa of the lower 
oesophagus (Fig. 19.22, p. 604), is liable to rup- 
ture, causing serious or fatal haemorrhage. 


It is essential that the blood should remain fluid 
within the cardiovascular system, and yet should 
be capable of local haemostasis by forming a 
solid adherent plug to prevent excessive bleed- 
ing from an injury to a vessel wall. The vital im- 
portance of these properties of blood is reflected 
in the complexity of the systems involved. 


The repair of vascular injury 

Injuries of vessel walls can be classified as 
major, when tissue is tom or cut and blood ves- 
sels are severed, and as minor ‘wear-and-tear’ 
defects which result from normal activities. The 
minor defects are presumably due to injury or 
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loss of individual endothelial cells with conse- 
quent exposure of collagen, elastin, etc. Such 
lesions are repaired almost instantaneously by 
adherence of platelets, followed by growth of 
endothelium over the adherent platelets to re- 
store the integrity of the vessel wall. The im- 
portance of platelets is illustrated by the spon- 
taneous haemorrhages which occur from the 
microvessels in severe thrombocytopenia (a 
reduction in the number of platelets). The role 
of fibrin deposition is illustrated by the haem- 
orrhages into joints (haemarthroses) in severe 
haemophilia, a hereditary condition in which 
the coagulation or clotting process (formation 
of solid fibrin) is defective. Evidently the small 
vessels in the joints are normally exposed to 
degrees of injury which, although minor, 
cannot be repaired by platelets alone. 

More severe injury results in partial or 
complete severance of larger vessels. Loss of 
blood is diminished temporarily by vasocon- 
striction: platelets stick to the collagen fibres of 
the torn edge of the vessel wall and, together 
with deposition of fibrin strands, gradually 
build up to form a mass — the haemostatic plug, 
which may close the gap in the vessel and pre- 
vent further bleeding. Vascular endothelium 
extends to cover the haemostatic plug which is 
then gradually removed by the process of 
organisation and proliferation of smooth 
muscle cells, the sub-endothelial gap thus 
being permanently repaired. 

The factors involved in haemostasis 

As explained above, vascular defects are re- 
paired initially by formation of a haemostatic 
plug. This is an example of thrombosis (intra- 
vascular formation of solid material or thrombus 
from the constituents of the blood). In order to 
understand such beneficial haemostasis, and 
also disorders which upset the normal balance 
between the fluidity of the blood and its capa- 
city to undergo thrombosis, it is necessary to 
consider in more detail the major factors in- 
volved: these are the platelets, vascular endo- 
thelium, the clotting or coagulation process 
which leads to deposition of fibrin, and the 
plasmin system which digests fibrin. 

function 

is normal blood, platelets circulate as single 
<8sc-fflte fragments of cytoplasm lined by a 


plasma membrane. They do not adhere to 
normal endothelium but, as stated above, if 
endothelium is lost they adhere to the exposed 
collagen fibres. Adherent platelets undergo 
structural changes and discharge the contents 
of their storage granules (Fig. 9.8) — the platelet 
release reaction ; these include adenosine diphos- 
phate (ADP), 5-hydroxytryptamine, platelet 
factor 3, thromboxane A 2 , stable prosta- 



Fig. 9.8 Electron-micrographs of platelets. Above, 
free platelets in suspension, showing the dense stor- 
age granules, x 8000. Below, two glomerular capil- 
laries plugged by aggregated platelets, most of which 
have discharged their granules, x 3000. 
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glandins, and a factor which stimulates prolifer- 
ation of smooth muscle cells. These platelet 
products have at least three important effects. 
Firstly, thromboxane A 2 , 5-HT and some 
stable prostaglandins, e.g. F l5 promote local 
vascular contraction. Secondly, ADP and 
thromboxane A 2 both cause free platelets to 
alter shape, throw out pseudopodia, and 
adhere to one another and to those already 
adherent to the vessel wall: the release reaction 
continues and the result is the rapid develop- 
ment of the platelet mass. Thirdly, platelet factor 
3 (and also factors released from injured tissue) 
initiates the clotting mechanism: this results in 
deposition of strands of fibrin which reinforce 
the platelet plug. Fibrin and thrombin (another 
product of the clotting system) both tend to 
promote further deposition of platelets. 

Platelet function may be studied in various 
ways, e.g. by assessment of the percentage of 
platelets in a given sample which adhere to a 
standard column of glass beads through which 
the blood is passed, or the aggregation of plate- 
lets in plasma following the addition of ag- 
gregating substances such as ADP. These tech- 
niques have shown that there are a number of 
syndromes in which, although platelet counts 
are normal, platelet function is abnormal. Con- 
ditions with deficient platelet function include 
uraemia, the primary thrombocytopathies and 
hereditary haemorrhagic telangiectasia (p. 557): 
increased platelet adhesiveness and aggregation 
have been found in diseases associated with 
thrombo-embolic phenomena such as ischaemic 
heart disease, peripheral vascular disease and 
venous thrombosis. In the puerperium and fol- 
lowing surgical operations, platelet adhes- 
iveness is increased, the effect being maximal 
around the tenth post-operative day. This con- 
tributes to the post-operative thrombotic ten- 
dency. 

Prostacyclin and thromboxane A 2 . In the past five 
years intense interest has developed in the influence 
of prostaglandins on platelet function and throm- 
bosis. This has been stimulated by the discovery of 
prostacyclin (PGI 2 ) and thromboxane A 2 , both of 
which are highly unstable prostaglandins with half 
lives of about 2 minutes and 30 seconds respectively. 
They are derived from arachidonic add, a poly- 
unsaturated long-chain fatty add which is produced 
from linoleic add and is a constituent of the phos- 
pholipid of cell membranes. All cells also possess in 
their membrane prostaglandin (PG) synthetase 


(cyclo-oxygenase), which converts arachidonic acid 
into unstable cyclic endoperoxides. As shown in Fig. 
9.9, the endoperoxides, in turn, can be converted 
into prostacyclin, thromboxane A 2 , and stable pros- 
taglandins (PGE 2 , etc.). Vascular endothelium is rich 
in prostacyclin synthetase and so produces mainly 
prostacyclin, whereas platelets convert endoper- 
oxides mainly into thromboxane A 2 . 

Arachidonic acid 

Prostaglandin 
Synthetase 


Cyclic endoperoxides 




aggregation, 
release reaction 


Thrombosis 

Fig. 9.9. The production of the unstable prosta- 
glandins — prostacyclin and thromboxane A 2 — by 
vascular endothelium and platelets respectively, and 
their effects on the adhesion, aggregation and release 
reaction of platelets. 

The role of thromboxane A 2 in promoting haem- 
ostasis is described above. There seems no doubt 
that it plays an important role in platelet aggregation 
and thrombosis. Inhibition of its production by as- 
pirin in low dosage or imidazole derivatives (both 
of which inhibit thromboxane synthetase) renders 
platelets less readily adhesive and prolongs the bleed- 
ing time from a minor puncture wound. Prostacyclin 
has antagonistic effects: it causes vasodilatation and 
inhibits aggregation of platelets, disperses pre-formed 
platelet aggregates, and so inhibits thrombosis. It 
now seems very likely that these effects on platelets 
are mediated via the cyclic nucleotide system (p. 
144), prostacyclin stimulating adenyl cyclase and 
thus increasing cAMP, thromboxane A 2 having the 
opposite effect. Platelet aggregation and the release 
reaction are promoted by a low cAMP and inhibited 
by a high cAMP level. 

It has been proposed by Moncada and Vane 
(1979) that prostacyclin exerts both a local and sys- 
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temic control on platelet function. Its production by 
vascular endothelium may be of importance in pre- 
venting adhesion of platelets to normal endothelium. 
Mild physical or chemical injury to endothelium 
stimulates prostacyclin synthetase and so produc- 
tion of prostacyclin. Such injury may be sufficient 
to allow platelet adhesion to the damaged wall, thus 
effecting repair, but without the building up of a 
platelet aggregate, which is prevented by very low 
levels of prostacyclin. 

The postulated systemic homoeostatic role of 
prostacyclin is attributed to its continuous release 
into the blood passing through the lungs. It is sug- 
gested that this maintains a level of cAMP in the free 
platelets which modulates their tendency to aggre- 
gate. There is, however, evidence that small loose ag- 
gregates of circulating platelets do sometimes occur, 
and this may be a cause of transient neurological 
symptoms in old people (p. 743). 

These proposals are of potential importance in the 
use of drugs to influence thrombosis. For example 
aspirin, which is under trial in the prevention of 
coronary artery thrombosis, would be expected to 
inhibit thrombosis if given in low dosage, for this 
inhibits thromboxane synthetase; larger doses, which 
also inhibit prostaglandin synthetase, would be ex- 
pected to interfere with production of both prostacy- 
clin and thromboxane A 2 (Fig. 9.9), and thus have 
less or no inhibitory effect on platelet aggregation 
and thrombosis. There is some evidence in support 
of this (Masotti et n/., 1979). 

The unstable prostaglandins are obviously of interest 
in relation to the thrombogenic theory of atheroma (p. 
367). P 

The coagulation (clotting) mechanism 

By clotting is meant the conversion of fib- 
rinogen to solid fibrin. This is the result of a 
complex series of reactions involving sequential 
activation of a large number of clotting factors 
most of which have been purified, although the 
relative importance of the various parts of the 
system is not yet clear. Not only is the system 
complex, but most of the major factors have 
been numbered (I to XIII, Table 9.1) in the 
order of their discovery, and not in the order of 
their participation. The clotting process up to 
the activation of factor X can occur by two 
main routes, the intrinsic and extrinsic path- 
ways. After this stage, there is a common path- 
way leading to the formation of fibrin. The 
complexity of the process is indicated by Fig. 
9.10 which is a simplified scheme. 

: Hie intrinsic pathway results in clotting with- 
. ou ^ participation of factors released from 

activated factors indicated by the suffix l a\ 


Table 9.1 International classification of the plasma 
coagulation factors (Roman numerals), together 
with their commonly-used names. The term ‘factor 
VF, formerly applied to an intermediate product, is 
no longer used. 


Factor I 

Fibrinogen 

Factor II 

Prothrombin 

Factor III 

Tissue factor 

Factor IV 

Calcium 

Factor V 

Proaccelerin 

Factor VII 

Proconvertin 

Factor VIII 

Antihaemophilic globulin 

Factor IX 

Plasma thromboplastin component or 
Christmas factor 

Factor X 

Stuart-Prower factor 

Factor XI 

Plasma thromboplastin antecedent 

Factor XII 

Hageman factor 

Factor XIII 

Fibrin stabilising factor (plasma 
transglutaminase) 



Fig. 9.10 The reactions involved in the clotting 
mechanisms. INT, intrinsic pathway; EXT, extrinsic 
pathway; COM, common pathway. 


injured tissues. It occurs when blood is placed 
in a tube and is probably involved in minor 
vascular injury and when blood stagnates in a 
blood vessel. It is initiated by contact of factor 
XII (Hageman factor) with a foreign surface or 
with collagen. Activated factor XII (termed 
Xlla)* is an esterolytic enzyme which, together 
with another factor (Fitzgerald factor), con- 
verts factor XI to XIa; this, in turn, activates 
factor IX. Factor X is then activated by a reac- 
tion involving IXa, Ca ++ , phospholipid and 
factor VIII (antihaemophilic factor). 

The extrinsic pathway is activated by tissue 
injury. It is triggered by a lipoprotein complex 




(tissue factor 3 or thrombokinase), which acti- 
vates factor VII: this in turn activates factor X. 

The common pathway. Factor Xa, produced 
by either of the above routes, is a serine ester- 
ase which forms a complex with factor V and 
phospholipid in the presence of Ca + + : this com- 
plex converts factor II (prothrombin) to Ila 
(thrombin) which converts fibrinogen to fibrin 
monomer. Factor XIII then polymerises fibrin 
monomer to form insoluble fibrin. 

The clotting process is influenced by a 
number of amplifying and inhibiting reactions. 
For example, in the intrinsic system activated 
Hageman factor (Xlla) converts prekallikrein 
(a component of the kinin system) to kallikrein, 
which activates more Hageman factor, while 
factor VII, which participates in the extrinsic 
pathway, is activated by a number of other fac- 
tors — thrombin, Xlla, kallikrein, IXa and plas- 
min (see below). For the various activation 
steps there are specific inhibitors which modul- 
ate the clotting process and help to prevent in- 
advertent thrombosis. 

The fibrinolytic (plasmin) system 

This is shown diagrammatically in Fig. 9.11. Its 
activation results in the production of plasmin, 
a proteolytic enzyme which digests fibrin to 
soluble fibrin degradation products (FDP). 
Plasminogen is a ^-globulin in the plasma. It is 
activated by a factor in vascular endothelium, 
by tissue factors, factor Xlla, and various bac- 
terial products and chemicals. Plasmin digests 
not only fibrin, but also factors V, VIII and II 
(prothrombin): its activation and enzymic acti- 
vity are controlled by a number of inhibitors in 
plasma, notably a 2 -macroglobulin and otj- 
antitrypsin. 
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Plasminogen binds selectively to poly- 
merising fibrin and is then converted to active 
plasmin by activators which diffuse into the 
clot or thrombus where the effect of inhibitors 
is weak. Plasmin activity in the plasma is pre- 
vented by the presence of factors which both 
inhibit its formation and suppress its activity. It 
is, however, possible to prevent such inhibition 
by administration of urokinase or strep- 
tokinase. Increased plasmin activity of the 
plasma is found after exercise or emotional 
stress, and also following surgical operations 
and other trauma. 

Plasminogen (inactive plasma globulin) 
Activators — >j 

Plasmin (proteolytic enzyme) 

Fibrin— ^-soluble products 
Fig. 9.11 The fibrinolytic enzyme system. 

The fibrinolytic enzyme system is probably 
in dynamic equilibrium with the blood clotting 
system, the two acting together to maintain an 
intact and patent vascular tree. According to 
this hypothesis the coagulation and fibrinolytic 
systems may both be continuously active, the 
former laying down fibrin where needed on the 
endothelium to seal any deficiencies which may 
occur, and the latter removing such deposits 
after they have served their haemostatic func- 
tion. 

As explained in earlier chapters (e.g. p. 54) 
there are complex inter-relationships between 
the clotting, kinin, plasmin and complement 
systems, none of which can now be regarded in 
isolation. 


Pathological Thrombosis 


Thrombosis is defined as the formation of a 
solid or semi-solid mass from the constituents 
of the blood within the vascular system during 
life. Coagulation, i.e. deposition of fibrin, is 
involved in the formation of all thrombi except 
perhaps the minute deposits of platelets which 
maintain vascular integrity (p. 232). As already 
noted, the composition of thrombus is de- 
termined very largely by the rate of flow of the 
blood from which it forms. 


Appearances and composition of thrombi 

As a general rule, thrombus forming in rapidly 
flowing blood, e.g. in an artery, consists mainly 
of aggregated platelets, with some fibrin; it en- 
larges slowly and is firm and pale, varying from 
greyish white to pale red, and is commonly 
called pale thrombus. The proportion of fibrin 
deposited in pale thrombus depends partly on 
the rate of blood flow, to which it has an in- 
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verse relationship. At the other extreme, 
thrombus forming in stagnant blood, e.g. ad- 
jacent to a complete occlusion of a blood vessel, 
is indistinguishable from blood which has been 
allowed to clot in vitro: the thrombus is soft, 
dark red, gelatinous and consists of strands of 
fibrin lying among the elements of whole blood 
(Fig. 9.12). It may retract from the vessel wall, 
revealing a smooth, shiny surface. Between 
these two extremes we have mixed thrombi 
which form in slowly flowing blood, usually in 
veins, and consist of alternating layers of plate- 
let aggregates and red thrombus. The mixture 
may be intimate and only recognisable on 
microscopy: Fig. 9.13 shows such a thrombus 
in which spaces between masses of aggregated 
platelets are filled by a fibrin network contain- 
ing leukocytes and some red cells. In other inst- 
ances, veins may be filled with columns of red 
thrombus but with platelet aggregates at points 
of anastomosis. The formation of such thrombi 
is explained on p. 240. Except in recently 
formed thrombi, it is not easy to recognise ag- 



Flg. 9.12 Red thrombus, consisting of strands of 
fibrin lying among red cells, leucocytes and platelets. 
In this instance the proportion of entrapped red cells 
is much lower than :in Wood dot,' indicating that 
there has been some flow of Wood during throm- 
bosis. x3D5. 



Fig. 9.13 Mixed thrombus, about 12 hours old, 
showing dense masses of granular material, com- 
posed mainly of platelets, fibrin strands and collections 
of leukocytes. x336. 

gregated platelets, for they soon lose their out- 
lines, presenting microscopically a granular or 
structureless appearance. Immunofluorescence 
studies and electron microscopy (Fig. 9.8) have, 
however, helped in their recognition. 

Sites and predisposing factors of 
thrombosis 

The three major predisposing factors are: 

(a) local abnormalities in the walls of blood 
vessels or of the heart 

( b ) slowing and other disturbances of blood 
flow 

(c) changes in the blood favouring platelet 
aggregation and fibrin formation. 

The roles of these three factors in the forma- 
tion of thrombi in the heart, arteries and veins 
are considered below. 

(a) Cardiac thrombosis 

Thrombi may form on the walls of any of the 
chambers of the heart, and also on the valve 
cusps. 
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In the atria, thrombosis is commonest in the 
appendices, especially that of the right atrium, 
in cases of heart failure with atrial dilatation 
(Fig. 15.25, p. 417). Stagnation of blood is the 
important causal factor and this is accentuated 
by atrial fibrillation, which commonly occurs in 
such patients and is very liable to be com- 
plicated by atrial thrombosis: the thrombus is 
usually red and is moulded to the irregular wall 
of the atrium. 

Rarely, small flattened globular thrombi form 
in either the atria or ventricles. They are pale, 
composed mainly of platelets and may show 
central softening. In mitral stenosis, a rounded 
thrombus may develop in the left atrium. It 
may exceed 3 cm in diameter and become de- 
tached to lie free: it is a rare cause of sudden 
obstruction of the circulation — the so-called 
‘ball valve thrombus’. The vegetations which 
form on the heart valves in certain diseases are 
essentially thrombi. In rheumatic fever the 
valve cusps are damaged along the line of ap- 
position, and deposition of platelets and fibrin 
results in the formation of minute pinkish-grey 
bead-like vegetations (Fig. 9.14 and Fig. 15.22, 
p. 413): in infective endocarditis the cusps are 
damaged by microbial infection and much more 



Fig. 9.14 Rheumatic vegetation on a cusp of the 
mitral valve. The vegetation consists mainly of dense 
hyaline material (A) composed of fused platelets, 
and fibrin coagulum (B). x 60. 


fibrin is deposited, containing interspersed 
leukocytes; the vegetations are consequently 
larger, softer and more friable (Fig. 9.15). In 
the ventricles, mural thrombosis commonly 
occurs on the endocardium overlying an infarct 
(i.e. a patch of ischaemic necrosis of the heart 
wall — Fig. 9.16). Depending on the size of the 
infarct, the thrombus may be large or small. It 
forms a flat reddish — or, if older, a brown — 
patch attached to the endocardium. Probably 
the important factors in its formation are the 
disturbances in blood flow caused by lack of 
pulsation in the dead muscle and also diffusion 
of factor III (tissue thromboplastin) from the 
dead tissue. 



Fig. 9.15 Bacterial endocarditis. The root of the 
aorta has been cut open and the wall folded back to 
display the large irregular thrombotic vegetations 
which have formed on, and are obscuring, the aortic 
valve cusps. 

At necropsy, dots formed after death are usually 
to be found in the chambers of the heart. They are 
soft and dark red with a glistening surface and are 
not firmly adherent to the endocardium. Occa- 
sionally the red cells settle before coagulation occurs 
and the upper (usually anterior) part of the clot is 
then yellow and gelatinous. Thrombi may form 
rapidly as the drculation is failing immediately 
before death. They are yellow or pinkish with a glis- 
tening surface and have a somewhat stringy appear- 
ance (Fig. 9.17). Such agonal thrombi originate at 
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Fig. 9.16 Mural thrombus {above) which has 
formed on the ventricular endocardium over a myo- 
cardial infarct. Note the necrotic myocardium 
{below), x 120. 



the apex of the ventricle to which they are attached 
and may extend through the valve orifice. They are 
composed mainly of fibrin, which separates out from 
the sluggishly moving blood before death, and ma y 
occur in either or both ventricles, although they are 
commoner in the right side of the heart. 

(b) Arterial thrombosis 

Probably because of the rapid flow of blood, 
arterial thrombosis is uncommon in the ab- 
sence of a local lesion of the vessel wall. In af- 
fluent communities, atheroma is by far the com- 
monest predisposing local lesion. It consists of 
multiple patches of fibrous thickening and lipid 
deposition in the intima of arteries of various 
sizes. In the aorta, atheroma is commonly 
severe and results in gross distortion and un- 
evenness of the wall. When blood is flowing 
smoothly in a normal vessel, the particulate ele- 
ments are separated from the vascular endo- 
thelium by a layer of almost pure plasma, but 
atheromatous plaques, by causing irregularities 
of the wall, result in turbulent flow, and plate- 
lets can then impinge on the wall. This alone 
probably predisposes to thrombosis, but because 
of the rapid flow of blood, thrombosis is often not 
superadded. Frequently, however, atheromat- 
ous patches ulcerate, and thrombosis super- 
venes. In the aorta the thrombi are usually 
mural, i.e. the ulcerated atheromatous patch 
becomes coated by thrombus which does not 
extend to occlude the lumen (Fig. 9.18). 
Thrombosis also complicates atheroma in 
medium-sized and smaller arteries, particularly 
those supplying the heart and brain. Because of 
their relatively small calibre, which is further 
reduced by the atheromatous plaques, thrombi 
readily occlude these vessels completely and 
ischaemic necrosis commonly occurs in the 
deprived tissues. This is described later in the 
section on infarction and also in the ap- 
propriate systematic chapters. When there is 
gross localised dilatation (aneurysm) of the wall 
of the heart, aorta or other arteries, stagnation 
and eddying of the blood usually result in some 
thrombosis. The thrombus may have a lami- 
nated appearance and may come to fill the 
aneurysmal sac (Fig. 9.19). Inflammatory 
lesions in the walls of arteries (pp. 377-83) 
also cause thrombosis: contributory factors may 
be irregularities of the wall, injury to or loss of 
the vascular endothelium, and release of tissue 
thromboplastin. In severe arterial hypertension, 
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Fig. 9.18 Part of the abdominal aorta opened up to 
show a large thrombus which has formed over ather- 
omatous patches. The dull, pale, shaggy thrombus 
consists mostly of fibrin and platelets. 


necrosis of the walls of small arteries and arter- 
ioles is commonly followed by thrombosis. 

(c) Venous thrombosis 

Apart from varicosity of the leg veins, diseases 
of the veins are uncommon, and although 
venous blood flow is slow, occlusion of veins in 
general occurs less frequently, and is usually 
less serious, than occlusion of arteries. The 
most important exception is thrombosis of the 
veins of the lower limbs, which is very common 
in bedridden patients, and is the usual cause of 
serious or fatal pulmonary embolism (see 
below): less often, thrombosis occurs in the 
pelvic veins, and this also may cause pulmonary 
embolism. 

Thrombosis of leg veins usually starts in deep 
veins of the leg, most often within the calf 
muscles (Fig. 9.20), from where it may extend 
progressively to the posterior tibial and pop- 
liteal veins, the femoral (Fig. 9.21) and iliac 
veins and occasionally to the inferior vena 
cava. In some instances, it may start more proxi- 
mally than the calf, or several thrombi may 
form in the calf and thigh veins. 

Extension of the thrombus is sometimes very 


rapid, the whole length appearing as soft red 
thrombus: this probably occurs when flow of 
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F1J.M1 Recent thrombosis of the femoral vein. 
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small leg veins during surgical operations. Ex- 
tension into the large veins usually occurs over 
the next two weeks, when platelet numbers and 
adhesiveness and prothrombin levels are high- 
est, and as in childbirth and myocardial in- 
farcation, pulmonary embolism is commonest 
around ten days after the event. The main fac- 
tors predisposing to venous thrombosis in 
congestive heart failure are venous stagnation 
and immobility. 

Leg vein thrombosis and embolism (see 
below) of large or small pulmonary arteries is 
an exceedingly common finding at necropsy on 
middle-aged and old patients (in our experience 
over 30 per cent). Recent reports on the 
' prophylactic use of repeated small doses of 
heparin indicate that this reduces considerably 
both venous thrombosis and pulmonary em- 
bolism, but in surgical cases such therapy is 
more effective if started at the time of opera- 
tion. It is partly to prevent venous thrombosis 
that patients are encouraged to leave their beds 
as soon as practicable after operation, child- 
birth, etc., and while bedridden to carry out 
muscular exercises and to practise abdominal 
respiration. 

Thrombosis of the pelvic veins after operation, 
etc., is less common than leg- vein thrombosis. 
It is seen especially after childbirth when the 
uterine blood flow diminishes considerably, 
predisposing to thrombosis in the hypertro- 
phied uterine veins. Puerperal sepsis is also a 
predisposing factor in some cases. Pelvic 
venous thrombosis may also originate in haem- 
orrhoids or in the prostatic venous plexus and 
is a complication of operations on the pelvic 
organs, particularly if there is sepsis. Extension 
to large veins, including the internal and 
common iliacs, may complicate pelvic venous 
thrombosis and fatal pulmonary embolism may 
follow. 

Other causes of venous thrombosis include 
malnutrition, severe debilitating infections and 
wasting diseases such as cancer. When .asso- 
ciated with these conditions it is sometimes 
called marantic thrombosis and in severely de- 
bilitated infants and young children may affect 
the superior longitudinal sinus (Fig. 9.32, p. 
249). Venous thrombosis is also prone to occur 
in some disorders of the blood, for example 
leukaemia and polycythaemia vera (excessive 
numbers of red cells, leukocytes and platelets). 
Inflammation of veins (phlebitis) also promotes 
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thrombosis: this may occur as a migrating 
thrombophlebitis, affecting various veins 
throughout the body: it is usually of obscure 
aetiology (p. 391), but is sometimes associated 
with cancer of the internal organs, particularly 
the pancreas. The thrombi are usually firmly 
adherent and embolism is unusual. In septic 
venous thrombosis, however, fragments of in- 
fected thrombus may break away and give rise 
to pyaemia (p. 201). 

(d) Capillary thrombosis 

Thrombosis in capillaries and venules com- 
monly occurs in severe acute inflammatory 
lesions. It is due partly to endothelial dam- 
age and partly to haemoconcentration, the 
thrombi being composed mainly of packed red 
cells. 

In the Arthus reaction, in which thrombosis 
of small vessels is often prominent, the endo- 
thelial injury is attributable mainly to release 
of enzymes by neutrophil polymorphs (p. 153). 

Fibrin thrombi can be found in the capil- 
laries in some patients dying of disseminated 
intravascular coagulation (p. 264), although in 
some cases they are absent, presumably as a 
result of fibrinolytic activity. 

The fate of thrombi 

Like other abnormal digestible material de- 
posited in the body, thrombus is removed by 
enzymic action, and the success of such re- 
moval depends on the degree of restoration of 
the lumen of the thrombosed vessel. 

The processes involved in removal of throm- 
bus are (a) contraction of the thrombus, (b) 
digestion by plasmin and the proteolytic 
enzymes of neutrophil polymorphs trapped in 
the thrombus, and (c) organisation, involving 
digestion by macrophages and formation of 
fibrovascular tissue. The relative importance 
and effects of these processes depend on the 
type of thrombus and the site of its formation. 

Occlusive venous thrombi are usually formed 
mainly of soft red thrombus which contracts 
well. Where it remains attached to the vessel 
wall, it becomes invaded by fibroblasts and 
macrophages, along with capillaries which are 
probably derived from the plexus of vessels 
external to the internal elastic lamina (vasa 
vasorum). 
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This ingrowth of granulation tissue does not 
often occur around the whole circumference of 
the vessel, usually being confined to sites where 
thrombosis has caused secondary damage to 
the intimal endothelium. Elsewhere around the 
wall, fluid-filled pockets may form where 
thrombus has retracted from the vessel wall 
or has been digested by the local action of plas- 
min. This is particularly prominent in the 
thrombus around the valve cusps of the vein. 
The cells of the intimal endothelium migrate 


and proliferate rapidly to cover the free surface 
of the thrombus, and also penetrate into it. 
This results in both fragmentation of the 
thrombus into tiny endothelial covered nodules 
and in the formation of small capillary chan- 
nels, many of which are probably blind-ending, 
while a few link up with capillaries growing 
into the thrombus from the vein wall. The 
thrombus is also partially resorbed by the 
action of macrophages and sometimes the centre 
is softened by the enzymes from groups of 
dead polymorphs which have migrated from the 
thin-walled vessels. In this way, by the joining 
up of pockets, by fragmentation, resorption and 
softening of thrombus, a lumen may be restored 
leaving a thickened fibrovascular intimal plaque 
or a meshwork of fibrous strands marking the 
site of granulation tissue ingrowth with subse- 
quent fibrosis. Occasionally, however, and per- 
haps when the thrombus is especially dense 
and slowly formed, it remains adherent to the 
whole circumference of the vein: pockets are 
not formed and significant recanalisation fails 
to occur. The thrombus is then replaced by 
granulation tissue which becomes increasingly 
collagenous, the vein eventually being reduced 
to a solid, shrunken cord without a lumen. 

Occlusive arterial thrombi are usually formed 
more slowly and are more dense than venous 
thrombi; they contain a higher proportion of 
platelets and fibrin and are less readily 
digested. Also arterial endothelium is a rela- 
tively poor source of plasminogen activator and, 
possibly because of these factors, formation of 
pockets between the thrombus and arterial wall 
occurs much less than in veins. Consequently, 
the thrombus remains largely in contact with 
the artery wall and its removal takes place 
mainly by organisation. Macrophages migrate 
into the margin of the thrombus and gradually 
it This is accompanied by invasion by 
t from the intima and by new capil- 



Fig. 9.23 Endothelium has grown over the surface 
of this partially organised thrombus adherent to an 
artery wall, x 40. 



Fig. 9.24 Part of an artery showing the results of 
organisation of thrombus. The lumen was originally 
to the left of the internal elastic lamina, which runs 
vertically near the right margin. The lumen is now 
filled with vascular fibrous tissue in which some of 
the new capillaries have enlarged and acquired 
muscle to become arterioles, x 115. 
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lanes which develop from the arterial endoth- 
elium, including that which grows over the ends 
of the thrombus (Fig. 9.23). The vasa vasorum 
probably play no part if the internal lamina is 
intact. The thrombus is thus gradually replaced 
by fibrovascular tissue and the length of vessel 
affected may eventually become a fibrous cord. 
The newly-formed capillaries anastomose and 
may develop into larger vessels extending 
through the length of the occlusion (Fig. 9.24), 
but such recanalisation does not often restore 


effective blood flow. 

Mural thrombus. Thrombus may form on a 
part of the wall of a vessel (or of the chambers 
of the heart) without extending to fill the 
lumen. Such mural thrombi are rapidly covered 
with endothelium from the surrounding intima. 
Fibrinolysis, fragmentation, resorption and 
enzymatic breakdown probably all play a part 
in removing some of the thrombus, while gra- 
nulation tissue grows in from the underlying 
wall and organises the remainder. 


Embolism 


By embolism is meant the transference of 
abnormal material by the bloodstream and its 
impaction in a vessel. The impacted material is 
called an embolus. In most cases it is a fragment 
of thrombus, although fragments of material 
from ulcerating atheromatous plaques of the 
aorta quite commonly form emboli in more 
distal arteries. A fragment of a tumour growing 
into a vein may also break off and form an 
embolus, and there may be embolism of the 
capillaries by fat globules, air bubbles or even 
groups of parenchymal cells. The site of em- 
bolism will, of course, depend on the source of 
the embolus. Thus embolism of the pulmonary 
arteries and their branches is secondary to 
thrombosis in the systemic veins or in the right 
side of the heart. Rarely, where there is a 
patent foramen ovale, an embolus may pass 
from the right side of the heart to the left 
atrium and thus be carried to the systemic cir- 
culation; (crossed or paradoxical embolism ). 
With this rare exception, emboli occurring 
in the systemic circulation are derived 
from thrombi formed in the left side of the 
heart, from thrombotic vegetations on the 
aortic and mitral valves, and from thrombi 
or detached portions of atheromatous plaques 
in the aorta or large arteries. Emboli car- 
ried from tributaries of the portal vein 
lodge, of course, in the portal branches in the 
liver. 

Effects of embolism 

Systemic arterial emboli. The results are 
simply those of mechanical plugging and vary 


according to the site of the embolus, as de- 
scribed in pp. 245 et seq. 

Pulmonary embolism is a very common and 
important event: it results from the detachment 
of a thrombus in a systemic vein, usually in the 
lower limb. Such thrombi form in conditions 
which have already been described (p. 240) and 
in any of them pulmonary embolism may 
result. It is most common around the tenth day 
after operation, and may cause sudden death. 
A large thrombus may become detached en 
masse and be carried to the right side of the 
heart, causing a sudden blockage of the pul- 
monary trunk or one of its divisions, death 
usually occurring at once or after a short 
period of pulmonary distress. Such fatal emboli 
are most often derived from the femoral and 
iliac venous trunk, characteristically forming a 
cylinder about 1 cm in diameter and as much as 
30 cm long, which is found at necropsy coiled 
up like a snake in the pulmonary artery and 
right ventricle (Fig. 9.25). Depending on their 
size, less gross fragments of thrombus impact in 
the major or minor pulmonary arteries. When 
the patient has lived some time after the em- 
bolism, a varying amount of haemorrhagic in- 
farction may be present in the parts supplied by 
the blocked vessels. Infarction, however, is 
never co-extensive with the area of distribution, 
and usually there is none. 

Multiple small pulmonary emboli, impacting 
over a period of time, can rarely cause chronic 
pulmonary hypertension. 

Septic emboli. With the widespread use of 
antibiotics, septic emboli, containing pyogenic 
bacteria, have become relatively uncommon. 
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Fig. 9.25 Massive pulmonary embolism. Thrombus 
from the femoral vein has become detached and 
impacted in the pulmonary trunk and its right and 
left branches, causing sudden death. 

Where they impact, such emboli may cause 
abscess formation, and the multiple abscesses 
of pyaemia develop in this way. An infective 
embolus occasionally weakens the arterial wall 
and gives rise to an aneurysm — mycotic an- 
eurysm. In various septicaemic and pyaemic 
conditions, capillaries here and there may be 
plugged by organisms, most frequently pyo- 
genic cocci, or by impaction of a small frag- 
ment of infected thrombus, the organisms then 
growing along the capillaries. The number of 
bacteria seen in necropsy material may have 
been greatly increased by growth after death. 

Embolism from tumours. This is of two kinds. 
One or a few cells of the tumour may enter the 
bloodstream and impact in a capillary in some 
distant organ. In other instances there may be 
growth of a tumour into a large vein, and a 
huger fragment may become detached and im- 
pact in a vessel, e.g. a branch of the pulmonary 
artery or of the portal vein. Both of these pro- 
cesses can result in metastatic tumours. 

Fat embolism. Entrance of fat into the circu- 
lation results from laceration of veins sur- 
rounded by adipose tissue. It probably occurs 


after all fractures with laceration of adipose 
tissue, in caisson disease (p. 779) and as a com- 
plication of a fatty liver. In most instances the 
phenomenon is of no clinical importance but 
when the amount of fat entering the circulation 
is large, as in fractures of long bones, the fat 
embolus syndrome may develop within the fol- 
lowing 3 days. The syndrome includes mental 
confusion, fever, dyspnoea, tachycardia, a 
petechial rash and sometimes cyanosis, haem- 
optysis, coma and death. It appears to be due 
largely to hypoxia resulting from pulmonary 
fat emboli complicated by oedema and haem- 
orrhage. Fat may, however, pass through the 
lungs into the systemic circulation and cause 
emboli in the brain, giving rise to multiple 
small haemorrhages, in the kidneys (Fig. 9.26), 
and in the skin. There may also be thrombocy- 
topenia. In patients who recover, there is 
usually no residual disability. 



Fig. 9.26 Fat embolism of glomerular capillaries in 
a case of caisson disease. The globules of fat (dis- 
solved out in processing the tissue) have impacted in 
glomerular capillaries and caused great distension, 
x 170. (Professor A. C. Lendrum.) 

Air embolism. This occurs when air is aspir- 
ated into a severed vein, especially a large vein 
near the heart, but air may also enter the circu- 
lation in fatal amounts during blood trans- 
fusion if positive pressure is used without due 
care. The frequency and seriousness of the con- 
dition have probably been exaggerated. The air 
may produce effects in two ways. It may 
become mixed with the blood in the right ven- 
tricle, forming a froth which is not readily ex- 
pelled an4 interferes with ventricular filling, or 
die bubbles of air may become arrested in the 
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pulmonary arterioles and lead to the mech- 
anical effects of embolism. When air enters the 
circulation it is absorbed rapidly, and to pro- 
duce serious results the sudden entrance of over 
100 ml is usually necessary; less than this has 
provoked alarming symptoms, but recovery has 
occurred after as much as 300 ml. Injury to the 
spinal cord and bones can result from forma- 
tion of bubbles of nitrogen in caisson disease, 
which develops in divers, etc., from too rapid 
decompression from a high atmospheric pres- 
sure (p. 779). 

At necropsy, bubbles of gas are sometimes 
found in the blood, due to the action of the 
Clostridium welchii after death; this should 
not be mistaken for air embolism. 

Parenchymal-cell embolism. In certain condi- 
tions special types of cells form emboli in the 


pulmonary vessels, for example the megakary- 
ocytes of the bone marrow in severe infections, 
the syncytial cells from the placenta, and hepa- 
tocytes after laceration of the liver. Such cel- 
lular emboli are without serious effect, the cells 
in all probability disintegrating. By contrast, 
the entry of amniotic fluid into the maternal cir- 
culation during prolonged or obstructed labour 
may cause serious effects in two ways. Firstly, 
it may produce extensive and sometimes fatal 
embolism of the pulmonary circulation by fetal 
squames, vernix and meconium. Secondly, it 
may bring about both widespread intravascular 
fibrin formation and activation of the plas- 
minogen fibrinolytic system, with the result 
that there is severe hypofibrinogenaemia, and 
dangerous post-partum haemorrhage com- 
monly results. 


Local Ischaemia 


Complete arterial occlusion 

The term ischaemic is applied to tissue in which 
the blood flow has ceased (complete ischaemia) 
or is abnormally low (partial ischaemia). 
Ischaemia localised to an organ, a part of the 
body, or a patch of tissue, is usually due to 
obstruction to arterial blood flow. 

By far the commonest and most important 
causes of complete arterial occlusion are 
thrombosis and embolism; other causes include 
proliferative changes in the intima of small 
arteries, and also arterial spasm as in Ray- 
naud’s disease or ergot poisoning. 

When an artery is obstructed the result de- 
pends on the extent of collateral circulation, i.e. 
alternative vascular routes by which blood can 
reach the deprived tissue. The arterial an- 
astomoses in the limbs are such that blockage 
of any one artery does not usually result in 
severe ischaemia provided that the other 
arteries are not seriously diseased. Similarly, 
there are effective collateral arteries in the in- 
tegument and muscles of the trunk. In the inter- 
nal organs, however, the anatomical arrange- 
ment of many of the vessels does not allow a 
sufficient anastomic supply, and severe is- 
chaemia follows arterial occlusion. When an 
artery of a limb is suddenly obstructed in a 


healthy subject, there is an immediate drop in 
the blood pressure beyond the obstruction, and 
the circulation is brought almost to a standstill; 
the arteries then contract and the part contains 
less blood than normally. Soon, however, the 
anastomotic arteries dilate and blood thus by- 
passes the obstruction to enter the vessels of 
the affected part, through which a flow of 
blood is gradually established and increased 
until ultimately it may approach normal. Thus 
in a healthy subject the femoral artery may be 
ligated without permanent damage resulting. 
The limb becomes cold and numb, and some 
time elapses before the pulse returns at the 
ankle; and it is much longer before complete 
muscular power is restored. The collateral ves- 
sels remain dilated and maintain the circula- 
tion, and in response to the sustained rise in 
blood flow there occurs a thickening of their 
walls, with increase of the muscular and elastic 
tissue corresponding with the enlarged lumen; 
in other words, the collateral vessels become 
permanently enlarged or hypertrophied. An 
outstanding example is seen in the rare 
congenital localised stenosis ( coarctation ) 
of the aorta beyond the arch, in which the 
vessels linking the arteries of the head and 
neck with those of the trunk and legs become 
enormously enlarged during life and supply 
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most of the blood to the lower part of the 
body. 

The development of an efficient collateral 
circulation often depends on dilatation of 
healthy anastomotic arteries, and on a healthy 
heart. If, however, the collateral arteries are 
diseased, e.g. atheromatous, fibrosed or cal- 
cified, they are unlikely to dilate sufficiently to 
supply the necessary amount of blood to the 
ischaemic part, and a varying amount of nec- 
rosis will follow. Accordingly, in middle-aged 
or old people with atheroma, etc., blockage of 
the main artery of a limb, or even of a large 
branch, may be followed by death of the tissues 
supplied by the obstructed vessel, the condition 
of ‘senile’ gangrene resulting (p. 205). Multiple 
emboli in the arteries of the lower limbs (us- 
ually resulting from aortic atheroma) or 
spreading thrombosis, as in thromboangiitis 
obliterans (p. 378), may also lead to ischaemia 
and gangrene, even in young adults. 

Infarction 

Certain arteries of internal organs have 
imperfect anastomoses and their obstruction is 
always followed by serious results. Such 
arteries are called end arteries, and they may 
have no anastomosis, e.g. the splenic artery, or 
only capillary anastomosis, e.g. the branches of 
the renal artery, or arterial anastomosis 
insufficient to keep the part alive, e.g. the su- 
perior mesenteric artery. Obstruction of such 
vessels leads to ischaemia, usually sufficient to 
cause tissue necrosis. The term infarct is applied 
to the altered area which has lost its blood 
supply, and use of the term implies that the tissue 
has undergone ischaemic necrosis. During the 
process of infarction, the small blood vessels in 
the dying tissue may become engorged with 
blood from either retrograde flow or an- 
astomosing small vessels. This engorgement, 
often accompanied by haemorrhages, results in 
the so-called red or haemorrhagic infarct. In 
other instances, little blood enters the dying 
tissues and a pale infarct develops. Pale infarcts 
occur in organs where there is little or no an- 
astomosis, e.g. heart and kidneys; while in 
Organs where there is some anastomosis, e.g. 
theintestine,and the lungs, red infarcts are 
fottod,; Infarction means literally a st uffing -in, 
wss originally applied to the haemorrhagic 
l^ adddi appedicd buffed with blood. When 


pale infarcts were found to have a similar 
cause, the term was applied to them also. 

Infarction is usually the result of acute occlu- 
sion of an artery by thrombosis or embolism. 
In the coronary arteries, atheroma with throm- 
bosis is common, and is the usual cause of in- 
farction of the myocardium; in the brain, 
thrombosis and embolism are both of import- 
ance but infarction can also result from hypo- 
tension; in the lungs, kidneys and spleen em- 
bolism is a commoner cause than thrombosis. 

Features of infarcts in various sites. In the 
kidneys, spleen and lungs, the vascular arrange- 
ments are such that most infarcts are roughly 
wedge- or cone-shaped, the apex lying most 
deeply, in the vicinity of the occluded artery, 
and the infarct enlarging as it extends peri- 
pherally, the base being visible as a necrotic 
area on the surface of the organ (Figs. 9.27 and 
9.30). The coronary arteries pass inwards from 



Fig. 9.27 Two haemorrhagic infarcts of lung, seen 
on section as dark wedge-shaped areas, widening 
towards the pleural surface (left). Note the pul- 
monary artery occluded by thrombus (arrow) 
beyond the apex of the upper infarct x 1-3. 
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the epicardium, and accordingly myocardial 
infarcts involve especially the inner part of the 
wall, although commonly the whole thickness 
undergoes infarction. 

In the brain a reduction in blood flow suffic- 
iently severe to produce infarction is usually due 
to atheroma of the cerebral arteries or of major 
arteries in the neck that supply the brain, i.e. 
the internal carotid and vertebral arteries. The 
artery may be occluded by thrombus formed 
on an atheromatous patch or by an embolus, 
but stenosis alone, by severely impairing blood 
flow through the artery, may cause ischaemic 
damage in the brain. Indeed cerebral infarction 
may occur even when the arteries supplying the 
brain are normal. This sometimes results from 
a profound fall in cerebral blood flow due, for 
example, to an episode of severe hypotension. 
The sites of infarction of the brain depend on 
the cause of the ischaemia. When a major cere- 
bral artery is blocked, infarction obviously 
occurs within the territory supplied by it, but 
blockage of the internal carotid or vertebral 
arteries, or a hypotensive episode, results in in- 
farction in the so-called boundary zones (p. 743) 
at the margins of the territories supplied by the 
major cerebral arteries. Even when a major 
cerebral artery is completely occluded by 
thrombosis or embolism, there is considerable 
variation in the size of the infarct. This is due 
mainly to the efficiency of the potential col- 
lateral circulation through arteries on the sur- 
face of the brain and through the circle of 
Willis, both of which link the major cerebral 
arterial territories. A cerebral infarct may be 
pale or haemorrhagic. As the dead tissue soon 
breaks down and becomes soft, a cerebral in- 
farct is often referred to as a softening. There- 
after, over a period of weeks or months, the 
necrotic tissue is gradually removed by 
phagocytes. The final result is a cystic 
shrunken area in the brain (see Figs. 21.25, 
21.26, p. 744). 

The central artery of the retina is an end- 
artery, and its obstruction causes retinal infarc- 
tion, with loss of sight in the eye. 

In the heart, obstruction of a coronary artery 
or a major branch gives rise to infarction of the 
ventricular myocardium; it is usually somewhat 
irregular in form and pale, but may show con- 
gestion and haemorrhage at the margin (Fig. 
15.9, p. 404). 

Obstruction of even a large branch of a pul- 


monary artery does not always result in in- 
farction. Experimentally-induced pulmonary 
emboli in otherwise healthy dogs do not us- 
ually cause infarction, some additional general 
impairment of pulmonary blood flow being 
required for infarction to result from the 
emboli, e.g. constriction of the pulmonary 
venous drainage. Similarly in man, a raised 
pulmonary venous pressure, due to mitral 
stenosis or heart failure, or to lung disease 
causing obliteration of pulmonary capillaries, 
predisposes to the development of infarction 
following pulmonary embolism. The subject 
is discussed more fully on pp. 458-60. 

Pulmonary infarcts are typically wedge- 
shaped, with the base projecting slightly on the 
pleural surface (Fig. 9.27). They are firm and 
haemorrhagic (Fig. 9.28). In some instances, pul- 
monary arterial occlusion results in a wedge- 
shaped haemorrhagic patch without necrosis, 
and resolution may then occur, but when there 
is ischaemic necrosis, i.e. infarction, organisa- 
tion and scarring follow in patients who survive 
for more than a few weeks. 

Infarcts of the spleen are common and result 
usually from embolism. They are usually red- 
dish at first and occasionally haemorrhagic, but 
soon become pale (Fig. 9.29) and yellow. In the 
kidneys, infarcts seen at necropsy are pale, with 
a deep red periphery due to congestion and 



Fig. 9.28 Haemorrhagic infarct of lung, showing 
alveoli filled with red cells, x 115. 
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Fig. 9.29 Pale infarct of the spleen. 

haemorrhage. The pale portion involves chiefly 
the cortex, the affected part in the medulla 
being usually red and haemorrhagic (Fig. 9.30), 
but small infarcts may be haemorrhagic 
throughout. When an arterial branch in a 
kidney is blocked experimentally, the area sup- 
plied becomes at first swollen and red through- 
out owing to general congestion. Thereafter, 
the dying kidney cells take up water (p. 12), 
and their swelling expresses blood from the 
central part of the infarct, which thus becomes 
pale. At the periphery and in the medulla the 
hyperaemia and stasis persist, the ischaemic 
capillaries rupture, and haemorrhage occurs 
into the tissues. 

Blocking , of the superior mesenteric artery 
produces a haemorrhagic infarct of the in- 
testine (Fig. 19.72, p. 645), which rapidly pro- 
; guesses to gangrene. Death usually results 
wdess the infarcted intestine is removed sur- 
Really without undue delay. Obstruction of the 
,;niBsiBttEie«rlb : 'irtwy . may be without 



Fig. 9.30 Infarct of kidney, showing pale necrotic 
centre with haemorrhagic margin, x 1 -2. 

serious effect, but sometimes causes ischaemic 
colitis. 

Haemorrhagic infarction of the intestine, fol- 
lowing obstruction of the superior mesenteric 
artery, has been studied experimentally in dogs. 
When this artery is ligated there is at first an 
arrest of the intestinal blood flow, accom- 
panied by a contraction of the muscular coats 
of the intestine. This soon passes off and blood 
flows into the vessels of the ischaemic segment 
from the arterial anastomoses, but is in- 
adequate to restore the circulation. The capil- 
laries and small veins become engorged and 
finally stasis occurs and there is diffuse haem- 
orrhage into the wall of the intestine and its 
lumen. Complete deprivation of blood from 5- 
10 cm of the bowel was found to lead to haem- 
orrhagic infarction. 

In the liver, obstruction of a branch of the 
portal vein is not followed by infarction, owing 
to the supply of blood from the hepatic artery. 
The obstruction does, however, reduce the 
blood flow sufficiently to cause atrophy and 
loss of hepatic parenchymal cells, and the sinu- 
soids become dilated, so that the lesion appears 
dark red and shrunken (Fig. 9.31). Obstruction 
of the hepatic artery or of its branches may 
result in infarction of the liver (p. 664). 

‘Venous infarction’. Obstruction of a vein is 
an uncommon cause of arrest of blood flow 
through the tissue it drains, partly because in 
most tissues there is sufficient anastomosis to 
maintain venous drainage, and partly because 
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Fig. 9.31 A depressed red patch in the liver due to 
loss of parenchymal cells and sinusoidal congestion 
following thrombosis of a portal venous branch (not 
shown). 


thrombosis of veins in internal organs is re- 
latively rare, and emboli cannot, of course, 
impact in veins (except in portal venous sys- 
tems, as in the liver). When venous infarction 
does occur the infarct is intensely engorged, 
oedematous and haemorrhagic. Marantic 
thrombosis of the superior longitudinal sinus 
sometimes occurs in severely debilitated chil- 
dren: the engorged cerebral cortical veins may 
rupture (Fig. 9.32), and there may be patches 
of haemorrhagic infarction of the cortex. 
Thrombosis of the mesenteric veins extending 
down to the smaller tributaries causes infarc- 
tion of the intestine, which progresses to 
gangrene. Venous infarction is also seen oc- 
casionally in the liver as a result of extension of 
hepatic cancer into the hepatic veins. The best 
examples of venous infarction are, however, 
seen in the adrenals, which have several arteries 
but drain through a single large vein. 

The susceptibility of tissues to ischaemia. The 
extent of infarction is usually less than that of 
the tissue supplied by the occluded artery, col- 
lateral circulation supplying the tissue at the 
periphery of the area. The size of the infarct 
resulting from occlusion of a particular artery 
may thus vary greatly, depending on whether 
the collateral arteries are healthy and capable 
of dilatation. The extent of necrosis is de- 
termined also by the capacity of the tissue to 
withstand ischaemia. As a general rule, the 



Fig. 9.32 Thrombosis of the superior longitudinal 
sinus (shown below), resulting in intense engorge- 
ment of the cerebral cortical veins and haemorrhage 
over the frontal lobe. 

parenchymal cells of the internal organs, which 
operate at a high metabolic rate, are relatively 
susceptible to ischaemia, whereas the supporting 
tissues — connective and fatty tissue and bone, 
are much less susceptible. The neurones of the 
central nervous system are perhaps the most 
susceptible cells of all, and cannot withstand 
deprivation of blood supply for more than a 
very few minutes. Glial cells are somewhat less 
demanding in their requirements, and accord- 
ingly at the margin of a brain infarct there is a 
zone in which partial ischaemia is followed by 
restoration of the circulation by collaterals; this 
results in death of the neurones, while the glial 
cells persist and undergo reactive proliferation. 
Hepatic parenchymal cells are also highly sus- 
ceptible to ischaemia and, as described above, 
thrombosis of a portal venous branch is com- 
monly followed by atrophy and loss of liver 
cells with survival and dilatation of the sinus- 
oids. The renal tubular epithelium has also a 
low resistance to ischaemia, and while in the 
central part of a recent renal infarct all the cells 
are dead, at the periphery there is a zone in 
which the glomeruli and intertubular capillaries 
have survived while the tubular epithelium has 
died. 

Changes following infarction. The autolytic 
changes which follow infarction have been 
described on pp. 11-13. Depending on the 
nature of the tissue, and whether or not it is 
oedematous or haemorrhagic, the infarct may 
remain firm ( coagulative necrosis) or soften 
(i colliquative necrosis). 

From an early stage of infarction, products 
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of the breakdown of ischaemic or dead cells at 
the edge of the infarct diffuse into the sur- 
rounding tissue and promote a mild acute in- 
flammatory reaction, with exudation of fluid 
from the vessels and migration of neutrophil 
polymorphs into the peripheral dead tissue. 
This, together with ischaemia of their walls, 
accounts for the dilatation of the small vessels 
and haemorrhage at the margin of the infarct. 
The acute reaction soon passes off, and the 
emigrated polymorphs die. The dead tissue 
stimulates a reaction similar to that around a 
foreign body: within a few days a zone of vas- 
cular granulation tissue forms around the in- 
farct and the dead tissue is gradually organised. 
Macrophages migrate into and digest it from 
the periphery inwards; they are accompanied 
by new capillary buds and fibroblasts, so that 
the granulation tissue extends centrally, and as 
it matures into fibrous tissue the infarct is 
gradually converted to a scar. Extravasated 
red cells soon lose their outlines, and the pigment 
is slowly absorbed, although haemorrhagic in- 
farcts, e.g. in the lungs, remain brown for a 
long time, and macrophages containing haemo- 
siderin may long remain in and around the 
scar tissue. Loss of parenchymal cells and con- 
traction of the fibrous tissue results in shrink- 
age; thus an old infarct of the myocardium 
presents the appearance of fibrosis and thin- 
ning of the ventricular wall (Fig. 15.11, p. 405). 
In solid organs, old scarred infarcts result 
in surface depressions, and when they are 
multiple, e.g. from repeated emboli in the 
branches of the renal arteries, the surfaces 
may be puckered and deformed by the scar- 
ring. 

Septic infarcts. Multiple infarcts due to 
emboli containing pyogenic bacteria are an es- 
sential feature of pyaemia (p. 201) and thus a 
complication of acute bacterial endocarditis, 
acute osteomyelitis, carbuncle, etc. The bacteria 
may extend into, and multiply in, the dead 
tissue, and this results in an acute in- 
flammatory reaction in the tissue around the 
margin of the infarct; thus the central dead 
tissue becomes surrounded by a ring of suppur- 
ation (Fig. 9.33). 

The effects of infarction. The effects of in- 
flection on function depend largely on the 
; location and size of the infarct In organs such 
% as Hie kidneys, which have a large functional 
A* : Jeserye, 1 ■ extensive or multiple infarctions of 



Fig. 9.33 Suppuration at the margin of a septic in- 
farct of the heart. The necrotic myocardium (right) is 
becoming separated from the adjacent living tissue 
(left) by a purulent exudate, x 175. 

both kidneys are necessary to bring about any 
serious disturbance of function, and serious 
impairment of liver function also requires very 
extensive infarction. By contrast, single infarcts 
of the myocardium are commonly sufficiently 
large to reduce seriously the functional reserve 
of the heart, and cause heart failure; infarcts 
involving the conducting system of the heart 
may cause heart block, and occlusion of a cor- 
onary arterial branch not uncommonly causes 
death from ventricular fibrillation before in- 
farction has become apparent. Infarcts of the 
brain are a major cause of serious dysfunction, 
and even a small one involving the internal 
capsule is followed by hemiplegia. As already 
explained, infarction of lung tissue tends to 
occur especially in association with embarrass- 
ment of the pulmonary circulation, and for this 
reason recent pulmonary infarcts are quite 
commonly observed at necropsy of patients 
dying of heart failure. 

The effects of infarcts are considered more 
fully later, in the systematic chapters. 


Partial arterial obstruction 

Chronic narrowing of the lumen of arteries is 
very common, and is usually caused by ather- 
oma (p. 363). It brings about the serious effect 
of ischaemic atrophy of specialised cells with 
accompanying overgrowth of fibrous tissue, for 
example in the myocardium and the kidneys. 
Atheromatous narrowing of the arteries which 
supply the brain predisposes to focal loss of 
neurons or to actual infarction (p. 742): these 
events are particularly liable to occur during 
hypotensive episodes and no doubt contribute 
to intellectual deterioration in old age. Preva- 
lence of atheroma in the elderly is an import- 
ant cause of senile mental changes. Multiple or 
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extensive atheromatous narrowing of the lumen 
is common in the arteries of the lower limbs, 
and the resulting chronic ischaemia brings 
about various trophic changes, and also limp- 
ing, and cramp-like ischaemic pain, induced by 
walking ( intermittent claudication). Narrowing 
of the smallest arteries and arterioles — arteriolo- 
sclerosis — occurs commonly in the abdom- 
inal viscera and central nervous system as an 
ageing effect, and results particularly from arte- 
rial hypertension: it is usually most severe in 
the afferent arterioles of the glomeruli, where 
it brings about glomerular sclerosis. These 
regional changes are, however, more appro- 
priately considered in relation to the various 
systems and organs. 


Disturbances of Water and Salt Balance 


Water and salt deficiency 

The water content of the average male body, 
estimated by the deuterium method, is about 62 
per cent, and that of the female about 52 per 
cent, the sex difference being accounted for by 
the higher fat content in females. A man weigh- 
ing 70 kg contains about 42 litres and this is 
distributed as 30 litres of intracellular water 
and 12 litres of extracellular water; the latter is 
subdivided into about 3 litres of intravascular 
fluid, the plasma, and about 9 litres of inter- 
stitial fluid which is distinguished from the 
intravascular and intracellular fluids by its very 
low protein content. The extracellular fluids 
contain practically all the sodium (except for 
that associated with collagen and that forming 
part of bone mineral), balanced chiefly by chlo- 
ride and bicarbonate ions, whereas the intracel- 
lular fluid is almost devoid of sodium and chlo- 
ride, its proteinate, sulphate and phosphate 
anions being balanced by potassium and mag- 
nesium. It is essential that the interstitial fluid 
should remain isotonic with the intravascular 
and intracellular fluids, and it contains a higher 
concentration of electrolytes which balances 
the colloid osmotic pressure of their proteins. 
Reductions in the water and salt content of the 
body are generally associated, but dispropor- 
tionate depletion of either water or salt causes 
disturbances of the normal equilibrium which 


require different treatment. Deficiency of water 
tends to cause hypertonicity of the extracellular 
fluids so that water is withdrawn from the cells, 
which thus share in primary dehydration. Con- 
versely, in relative salt depletion the ex- 
tracellular fluids tend to become hypotonic, but 
this effect is minimised partly by increased 
renal excretion of water and partly by diffusion 
of water from the interstitial fluid into the cells 
with maintenance of isotonicity. Thus in salt 
deficiency the extracellular fluids are reduced in 
volume, but the administration of water or glu- 
cose solution without salt is actually harmful as 
it merely dilutes further the extracellular fluids 
and increases the diffusion of water into cells. 
It is curious that whereas the need for water is 
normally indicated by thirst, in man there appears 
to be no urgent warning sensation when salt is 
lacking. 

Dehydration may be brought about in vari- 
ous ways and in minor degrees is very common. 
In hospital patients it is seen most often as a 
result of insufficient intake owing to physical 
weakness, coma and pyrexia. The urine is 
reduced in volume (500 ml) and is highly con- 
centrated, the specific gravity rising to 1-040 or 
more. The plasma levels of Na + , Cl" and urea 
increase, probably as the result of diminished 
renal filtration, although the plasma volume is 
maintained relatively well by withdrawal of in- 
tracellular water and by active retention of Na + 
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and excretion of K + under the influence of the 
renin-angiotensin-aldosterone system (p. 258) 
which is stimulated by the diminished blood 
volume — the so-called reaction of dehydration. 
More severe dehydration occurs under excep- 
tional conditions, e.g. in people shipwrecked or 
lost in the desert, and then the deficiency of 
body water may ultimately reach over 12 per 
cent of body weight and amount to nearly 10 
litres. Death is thought to be due to rise in the 
osmotic pressure of the cells. In children the 
ratio of body surface to weight is higher than in 
adults so that cutaneous losses of water are 
proportionately greater; also children cannot 
produce such a high concentration of urine as 
can adults. As a result, lack of fluid has a more 
severe effect in infants and young children than 
in adults. 

Salt depletion is a commoner cause of serious 
effects than is water depletion, and also is more 
liable to remain unrecognised. Excessive loss of 
sodium chloride from the body occurs in vari- 
ous conditions and is commonly only one 
factor in complex fluid and electrolyte disturb- 
ances. Pure loss of salt results from excessive 
sweating when water is consumed freely, e.g. in 
the tropics or when working in a very hot 
atmosphere. It gives rise to a state of ‘heat ex- 
haustion’ which necessitates the administration 
of large amounts of salt as well as of water, the 
consumption of water alone being liable to 
produce severe cramps. Clinically, vomiting 
and diarrhoea are the most important causes of 
combined water and salt depletion: the former 
is complicated by alkalosis due to loss of H + , 
and the latter by acidosis from loss of the alka- 
line secretions of the small intestine. If water 
alone is restored the picture of pure salt deple- 
tion follows: lowering of the osmotic pressure 
of the extracellular fluid leads to renal excre- 
tion of water and to increased osmotic absorp- 
tion of water by the tissue cells. In conse- 
quence, there is severe depletion of the ex- 
tracellular fluid and circulatory collapse (shock) 
soon supervenes. The effects of this secondary 
extracellular dehydration are actually more 
serious than those of the disturbed acid-base 
balance which may develop from dispropor- 
tionate loss of sodium or chloride ions, though 
the latter condition at one time received more 
attention. The symptoms of salt depletion when 
water ‘ is consumed freely include lassitude, 
Itehtawssj giddiness, fainting • attacks and 


cramps; also anorexia, nausea and vomiting 
occur and tend to set up a vicious circle. 
Marked loss of weight and mental confusion 
may occur also. The plasma concentration of 
sodium, normally about 137-148 mmol/litre, 
falls to 130-120 mmol/litre or less. The chloride 
and bicarbonate concentrations are also 
reduced in toto but their ratio varies with the 
presence of complicating acidosis or alkalosis. 
The blood is concentrated, with a rise in haemo- 
globin, haematocrit value and in plasma pro- 
teins. The urine contains little or no sodium or 
chloride except when the salt depletion is due 
to renal loss, as in Addison’s disease or diabetic 
ketosis. The blood urea rises, often to over 17 
mmol/litre (100 mg per 100 ml), owing mainly 
to reduced renal blood flow and diminution in 
the volume of glomerular filtrate— pre-renal 
uraemia (p. 847). 

Combined deficiency of water and salt is more 
common clinically than of either separately. 
Vomiting and diarrhoea are probably its most 
frequent cause. If water is ingested and re- 
tained, salt deficiency will predominate, as de- 
scribed above, but without fluid intake water 
loss exceeds salt loss. In such combined de- 
ficiency, the extracellular fluid therefore tends 
to become hypertonic and consequently fluid is 
withdrawn from the cells; this leads to symp- 
toms of salt depletion (see above) and unless 
corrected may cause acute circulatory failure. 
The rise in blood urea often leads to the 
erroneous diagnosis of uraemia due to renal 
failure, but the administration of water and salt 
in adequate amounts may completely relieve 
the symptoms. 

Regulation of the water content of the blood 
and urine is normally carried out by the kid- 
neys, which in turn are controlled largely by 
secretion of antidiuretic hormone by the 
neurohypophysis: this regulates resorption 
of water in the distal renal tubule. The neuro- 
hypophysis is so highly sensitive to the osmo- 
tic influence of sodium chloride that an altera- 
tion of 1 per cent in the osmotic pressure of the 
arterial blood can bring about a tenfold varia- 
tion in the excretion of water, and the osmotic 
pressure of the extracellular fluids is thus very 
precisely controlled. Failure of this mechanism 
is seen in diabetes insipidus (p. 1015), in which 
there is intense polyuria approaching maximum 
water excretion. An analogous situation in re- 
spect of excessive salt excretion results from 
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failure of the secretion of adequate amounts of 
aldosterone by the adrenal cortex, e.g. in Addi- 
son’s disease, in which the cortex is largely de- 
stroyed. Uncontrolled sodium loss in the urine 
leads to fall of the plasma sodium to far below 
the level at which it normally ceases to be ex- 
creted. In consequence serious depletion of the 
body’s store of sodium is brought about and 
this, if uncorrected, contributes greatly to the 
severe crises of Addison’s disease and the ten- 
dency to acute circulatory collapse (p. 1044). 
Other hormones also play minor parts in the 
regulation of water and salt excretion, e.g. 
ovarian hormones can cause a distinct reten- 
tion of water, as is seen in the late phase of the 
menstrual cycle and in pregnancy. 

The pathology of generalised oedema has to 
be viewed against this background of water and 
salt balance. Maintenance of osmotic equilib- 
rium is more important for life and is there- 
fore regulated more exactly than the total 
volume of fluid in the body or within any of its 
compartments. Most importance was formerly 
attached to the chloride anion, but it is now 
recognised that the sodium cation is even more 
significant in regulating the amount of body 
fluid in the extracellular compartment of the 
tissues, and that sodium is intimately concerned 
in the pathogenesis of oedema. 

Water and salt retention: oedema 

Oedema is an abnormal increase in the amount 
of interstitial fluid. It may be localised, e.g. in 
an organ, limb, etc., or more generalised. In 
generalised oedema there is usually accumula- 
tion of fluid also in the serous cavities (hydro- 
thorax, ascites, etc.). When oedema affects the 
skin and subcutaneous tissue swelling may be 
obvious, and momentary pressure will produce 
a depression (‘pitting’) which disappears in a 
few seconds as the oedema fluid returns to the 
tissue. 

Control of interstitial fluid. The total ex- 
change between the plasma and interstitial fluid 
is probably of the order of 7000 litres of fluid 
daily. In individual tissues exchange fluctuates 
with the physiological changes in blood flow. It 
is generally accepted that the interchange of 
fluid between the capillaries and venules and 
the tissue spaces can be explained on a physical 
basis, the distribution of fluid within and out- 
side the vessels being regulated mainly by a 


balance of the two processes of filtration and 
osmosis (pp. 48-9). The permeability of the 
capillary walls varies in different regions and 
also under different conditions of physiological 
activity in any one region, but the filtrate in all 
situations normally contains at least a small 
amount of protein, probably not exceeding 0-5 
per cent in the more permeable areas such as the 
liver, and less than 0-1 per cent in the less per- 
meable areas such as the limbs. In the normal 
exchange of interstitial fluid between vessels 
and tissue spaces most of the filtrate is returned 
to the circulation by the veins and only a small 
amount by the lymphatics, but most of the pro- 
tein escaping from the vessels is carried away in 
the lymphatic fluid, the protein content of 
which therefore varies greatly in different parts 
of the body, depending on the permeability of 
the capillaries in the area drained: for example, 
the hepatic lymph is very rich in protein (3-5 
per cent). 

Water retention. It is important to ap- 
preciate that, regardless of its cause, generalised 
oedema represents retention of water and does 
not arise from a mere redistribution of the 
body fluids. In an adult, an increase of weight 
of about 5 kg invariably precedes the appear- 
ance of clinically recognisable generalised 
oedema, a fact utilised in the attention paid to 
the weight during pregnancy. Indeed gener- 
alised oedema can be regarded as a method of 
disposing of excess fluid which cannot be dis- 
charged by the usual channels, in order to re- 
gulate the blood volume. The body appears to 
tolerate badly an increase in the volume of the 
intravascular fluid; the excess is shunted into the 
interstitial spaces where its presence requires 
the simultaneous retention of a sufficient quan- 
tity of electrolytes, chiefly salt, to equalise the 
osmotic pressure of this fluid with that of the 
cells and of the plasma. The osmotic effect of 
the intracellular and plasma proteins is 
balanced by a higher concentration of elec- 
trolytes — chiefly salt — in the interstitial fluid. 
It is unlikely that increase of capillary perme- 
ability to macromolecules plays any major part 
in the common forms of generalised oedema, 
for the protein content of oedema fluid is not 
sufficiently high to suggest this possibility. 
Also, there is no gross fall in the blood volume, 
as might be expected if exudatioh of protein- 
rich plasma fluid was an important factor. In 
rare cases, cyclical oedema has been accom- 
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panied by hypovolaemia, and it has been sug- 
gested that the oedema of hypothermia may be 
related to an increase of factors such as brady- 
kinin, which increase capillary permeability. 

Local oedema 

Active hyperaemia: inflammatory oedema. 

Active hyperaemia occurs in acute inflamma- 
tion, in which the exudation of protein-rich 
fluid from the capillaries and venules gives rise 
to inflamm atory oedema: as indicated in Chap- 
ter 3, major factors in the production of in- 
flammatory oedema are increased hydrostatic 
pressure in the small vessels with dilatation and 
increased vascular permeability. 

Active hyperaemia of lesser degree occurs 
also under physiological conditions, for ex- 
ample in the skeletal muscles during exercise, in 
the gastro-intestinal tract during digestion, and 
in the skin as an important mechanism of heat 
loss: the increase in interstitial fluid resulting 
from such physiological hyperaemia is, how- 
ever, removed by the lymphatics and oedema 
does not result. 

Oedema is a prominent feature of some types 
of hypersensitivity reactions, for example in hay 
fever, urticaria, the Arthus and delayed hyper- 
sensitivity reactions. These are all described in 
Chapter 6, and it is sufficient to state here that 
the oedema is of inflammatory nature, due to 
active hyperaemia and increased vascular per- 
meability. 

Urticaria consists of erythema, itching and 
wealing (which is sharply localised oedema) of 
the skin: it is very common, but occurs usually 
in mild form, with only occasional transient 
attacks. In some instances, however, attacks are 
frequent, severe, or more persistent. Although 
there is often a clear association with eating a 
particular food or taking a drug (especially 
aspirin), there is little firm evidence of an im- 
munological hypersensitivity basis in most 
cases, and the underlying nature of the condi- 
tion is usually unknown. Histamine antagonists 
are often beneficial, but in therapeutic dosage 
these agents have various other effects in addi- 
tion to anti-histamine activity. Except when 
it occurs as part of an anaphylactic attack, 
urticaria is seldom dangerous. 

Hereditary angw-oedema. Tbisrare condition 
fc characterisedby attacks of acute localised 
.■'oedema, most • often affecting the skin of the 


face and trunk, but sometimes the larynx: acute 
abdominal pain, vomiting and diarrhoea can 
also occur as a result of oedema of a segment 
of gut, and some patients have undergone 
several abdominal operations. Death from 
laryngeal oedema is common in some affected 
families. 

The condition is due to a genetically-de- 
termined (autosomal dominant) abnormality of 
an inhibitor of the activated first component of 
complement (Cl-INH). In some cases there is 
insufficient inhibitor, in others it is qualitatively 
abnormal. The oedema is possibly due mainly 
to a kinin-like fraction of activated C2, and 
transfusion of fresh normal plasma (which con- 
tains the inhibitor) is of temporary value in 
both prevention and treatment of attacks. 

Oedema may occur in severe cases of zoster 
(shingles) and is apparently a trophic effect due 
to inflammatory change in the posterior root 
ganglia. If the nerve lesion is unilateral, as it 
usually is, the oedema stops short in the mid- 
line of the body. 

Local venous congestion and oedema. In a 

healthy animal, acute venous congestion pro- 
duced by ligation of a large venous trunk does 
not usually lead to oedema, although there is 
an increased filtration of water and electrolytes 
owing to the heightened capillary pressure, and 
also an increase in the amount of protein leav- 
ing the vessels. Consequently there is increased 
flow of lymph containing a lowered concentra- 
tion, but increased amount, of protein, and 
oedema does not usually develop. If, however, 
along with the ligation of the vein the vaso- 
motor nerves supplying the part are cut, the 
intracapillary pressure is still further increased 
and localised oedema follows. Similarly, the 
application of an elastic band to a limb may 
merely produce venous congestion with in- 
creased lymph flow unless the band is tightened 
sufficiently to prevent the flow of lymph from 
the part, when oedema will result. These find- 
ings indicate that some other factor in addition 
to acute venous congestion is usually necessary 
for the production of oedema. In clinical cases, 
however, local venous congestion often lasts 
much longer than in the experimental animal, 
and this may possibly explain the common 
occurrence of oedema. 

In acute venous obstruction there must be suf- 
ficient anastomotic drainage of venous blood 
to permit the circulation to continue; otherwise 



stasis, thrombosis and haemorrhagic infarction 
would follow as is seen in mesenteric venous 
thrombosis. After a time readjustment of the 
circulation occurs and arterial inflow dim- 
inishes. This leads to a reduction in tissue per- 
fusion until, in time, the collateral circulation 
increases sufficiently to re-establish normal 
drainage. Until that stage is reached, the com- 
bination of venous congestion, tissue hypoxia 
and accumulation of metabolites may, by in- 
creasing capillary hydrostatic pressure and per- 
meability, result in local oedema. 

The oedema of chronic lymphatic obstruction, 
e.g. that produced by cancer, chronic in- 
flammation, radiotherapy, filariasis, etc. (p. 
393), is usually of the non-pittin g type, i.e. the 
swollen tissues do not yield readily to pressure. 
A characteristic feature of chronic lymphatic 
oedema is the development of elephantiasis due 
to overgrowth of the connective tissue in the 
skin and subcutaneous tissue. Since the plasma 
protein normally present in the interstitial fluid 
is returned to the blood by the lymphatics, 
chronic lymphatic obstruction results in the 
accumulation of protein in the tissues while 
most of the water and electrolytes are taken up 
by the venules as usual. This accumulated pro- 
tein may, in some unknown way, be responsible 
for stiiriulating the connective tissue cells to 
increased production of collagen. 

Lymphatic oedema of the legs also occurs as 
a primary condition which is sometimes heredi- 
tary (Miltoy’s disease) and is believed to be due 
to a congenital abnormality of the lymphatics. 
The legs become permanently thickened. 

General oedema 

Cardiac oedema is apt to develop at a late stage 
in cases of right ventricular failure with long- 
standing systemic venous congestion. It appears 
first in the most dependent parts of the body 
and gradually extends upwards. Thus it is 
usually noticed first round the ankles, and pit- 
ting may be elicited by pressure over the lower 
end of the tibia. When the condition is ad- 
vanced, the limbs become greatly swollen, the 
skin is tense and vesicles may form. Accumula- 
tion of fluid may occur also in the serous 
cavities. 

As indicated above, increased transudation 
from congested, dilated capillaries is not suffi- 
cient to produce oedema experimentally be- 
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cause the excess fluid is removed by the lym- 
phatics. When, however, heart failure becomes 
severe, the diminution in cardiac output adver- 
sely affects renal function which depends upon 
normal renal blood flow. The kidneys can com- 
pensate to some extent for reduced blood 
supply by increasing the proportion of fluid fil- 
tered off in the glomeruli; this is probably 
mediated by increased tone in the efferent 
arterioles. The volume of urine is reduced and 
it is highly concentrated, indicating that there 
is excessive tubular re-absorption of water. The 
mechanism of this excessive re-absorption is 
not fully understood, but the reduced renal 
blood flow may stimulate the juxta-glomerular 
cells to secrete excess of renin, and this in turn 
will enhance the secretion of aldosterone by the 
adrenal cortex, with consequent re-absorption 
of sodium by the renal tubules. The effect of 
sodium retention is to stimulate secretion of 
anti-diuretic hormone by the neurohypophysis, 
and so more water is re-absorbed in the renal 
collecting tubules. This mechanism has been 
demonstrated to play a role in some, but not 
all, cases of cardiac oedema (p. 258). The stim- 
ulus to this secondary aldosteronism is not 
fully understood, as it occurs among different 
types of heart failure, both in low output and 
in high output types. The great increase in 
body weight confirms the enormous amount of 
fluid retained in the oedematous tissues in 
some cardiac cases, and the importance of 
water and salt retention is shown by the effect 
of diuretics in diminishing the oedema. Reduc- 
tion in the intake of sodium chloride in the diet 
has sometimes a markedly diuretic effect, water 
being eliminated with preservation of the iso- 
tonic state of the oedema fluid. 

Other factors may play a part in the genesis 
of cardiac oedema, e.g. the accumulation in the 
tissues of waste products which by their osmo- 
tic action will tend to attract more water from 
the blood. There is also evidence that chronic 
hypoxia increases capillary permeability, al- 
though this view is not supported by the protein 
content of the oedema fluid, which is usually 
about 0-5 per cent or less. The fundamental 
cause of cardiac oedema appears, however, to 
lie in the faulty elimination of fluid consequent 
upon the deranged renal circulation. The dis- 
tribution of the retained fluid in the tissues is 
determined by gravity because, with the reduc- 
tion in cardiac power, the circulation is unable 
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to absorb the tissue fluid and return it to the 
right heart against the hydrostatic pressure of 
the column of venous blood in the dependent 
parts. The distribution of oedema fluid is 
influenced also by the degree to which 
different tissues can be distended without a 
significant rise in tissue pressure. 

In failure of the left ventricle of the heart, 
venous congestion occurs mainly in the lungs 
so long as the right ventricle continues to beat 
forcibly: pulmonary oedema may then develop 
without generalised oedema (p. 398). 

Renal oedema. Generalised oedema occurs in 
various diseases which affect the glomeruli in- 
cluding some types of glomerulonephritis, and 
also in acute renal failure due to injury to the 
renal tubules. The pathological changes in 
these conditions are described in Chapter 22. 
However, an understanding of the factors likely 
to be involved in the production of the various 
types of renal oedema depends not so much on 
a knowledge of the detailed structural changes 
but rather on the associated functional disturb- 
ances. Accordingly, renal diseases which give 
rise to oedema may be classified into the fol- 
lowing three groups. 

(1) Conditions in which all the glomeruli are 
affected, with reduction in renal blood flow 
and in glomerular filtration. This group is ex- 
emplified by acute diffuse glomerulonephritis 
and rapidly progressive glomerulonephritis. 
There is usually a rise in blood pressure and 
blood urea level, and production of a dim- 
inished amount of concentrated urine contain- 
ing moderate amounts of protein. The oedema 
in these conditions is not influenced by gravity 
to the same extent as is cardiac oedema and is 
often noticed first in the loose connective 
tissues, e.g. of the eyelids and face: in ambulant 
patients, however, gravity is seen to have some 
effect. The protein content of the oedema fluid 
is usually less than 0-5 per cent and the oedema 
therefore cannot be attributed to increased 
capillary permeability. Also the proteinuria 
is usually only moderate and the loss does 
not result fti any significant reduction in the 
levels of the plasma proteins. The blood 
volume is normal or increased, and the 
oedema seems likely to be due to excessive re- 
; absorption of salt and water in the renal tubules. 
The factors responsible for this excessive re- 
absorption are not, however, clearly defined. 
The rerda-arr^otensin-aldosteroQe system 


may be implicated, but even this is uncer- 
tain. 

(2) The nephrotic syndrome. In some renal 
diseases there is persistent and heavy loss of 
plasma proteins, particularly albumin, in the 
urine: when this exceeds about 10 g daily, the 
plasma albumin level falls considerably and this 
is accompanied by generalised oedema which 
often becomes very severe. This condition is 
known as the nephrotic syndrome. As in other 
types of renal oedema, the distribution of the 
tissue fluid is not so dependent on gravity as in 
cardiac oedema. In patients with nephrotic syn- 
drome, the blood pressure is often not raised 
and there is commonly no rise in the blood 
urea, indicating that renal blood flow and 
glomerular filtration rates are approximately 
normal. The nephrotic syndrome may arise in a 
large number of conditions: in some it is 
regularly present, for example in glomer- 
ulonephritis of minimal-change and membranous 
types (q.v.). It is a common result of amyloid 
disease involving the glomeruli; it occasionally 
complicates other types of glomerulonephritis 
and the glomerular lesions of diabetes mellitus 
and various other diseases. In all these condi- 
tions, its development is dependent on excessive 
loss of plasma albumin into the glomerular 
filtrate. 

Glomerular leakage of protein exhibits a 
molecular sieving effect, the amount of plasma 
albumin which escapes being disproportion- 
ately great because of its relatively small mole- 
cular size. Also because of its small size and its 
relatively high concentration in the plasma, 
albumin is the protein mainly responsible for 
the osmotic pressure of the plasma, and con- 
sequently, in states of severe hypoalbum- 
inaemia, the amount of fluid leaving the capil- 
laries and venules throughout the body greatly 
exceeds the amount drawn back into them by 
osmosis. Accordingly, the plasma volume tends 
to fall and this brings into play the renin- 
angiotensin-aldosterone mechanism, resulting 
in increased re-absorption of sodium and water 
from the renal tubules: this tends, in turn, to 
dilute the plasma protein still further and so 
transudation into the tissues remains excessive; 
a vicious circle is set up and continues to oper- 
ate so long as gross albuminuria persists. As 
would be expected, the oedema fluid in the 
nephrotic syndrome has a very low protein 
content, and there is no evidence of general in- 



creased capillary permeability for macro- 
molecules. 

The importance of protein loss and hypo- 
albuminaemia is confirmed by the appearance 
of similar gross oedema in protein-losing en- 
teropathy (p. 639) in which the kidneys are 
normal and there is gross loss of plasma pro- 
tein into the gut. The participation of the 
renin-angiotensin-aldosterone mechanism is 
demonstrated by the very high plasma levels of 
aldosterone found in the nephrotic syndrome. 

(3) In acute tubular injury, the tubules lose 
their capacity for selective re-absorption and 
concentration of the glomerular filtrate. Con- 
sequently, most of the filtrate is re-absorbed 
and the small amount of urine produced ap- 
proximates in its composition to a protein-free 
filtrate of plasma. There is retention of water 
and electrolytes and a progressive rise in blood 
urea. Apart from loss by sweating, vomiting, 
etc., most of the fluid taken by mouth is re- 
tained in the body and unless it is seriously re- 
stricted, gross oedema develops. 

Acute tubular injury may result from shock 
or certain chemical poisons (p. 848). In some 
cases of acute renal failure following shock, the 
tubules show no convincing evidence of nec- 
rosis in a renal biopsy, and it now appears that 
hyperactivity of the renin-angiotensin-aldos- 
terone system may be of importance (p. 850). 

In the various forms of renal disease which 
are complicated by arterial hypertension, car- 
diac failure is liable to develop with consequent 
generalised or pulmonary oedema. 

Nutritional oedema 

Generalised oedema may clearly be caused by mal- 
nutrition. Protein insufficiency seems to be the main 
factor, and the extreme example is termed kwash- 
iorkor (p. 667). Examination of the plasma shows a 
marked fall in glucose, lipids and proteins, the last 
being sometimes reduced to half the normal. It 
seems likely that a fall in osmotic pressure of the 
plasma is the most important factor in the produc- 
tion of the oedema, but no strict parallelism has 
been found, some cases failing to become oedemat- 
ous in spite of severe depletion of serum albumin, 
while others show gross oedema with plasma protein 
levels within normal limits; also the oedema may dis- 
appear before there is any significant rise in the col- 
loid osmotic pressure of the plasma. Nutritional 
oedema is commonly associated with xerophthalmia, 
a condition in which opacity with ulceration of the 
cornea occurs, as a result of deficiency in fat-soluble 
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vitamin A; possibly lack of the vitamin B complex is 
also concerned, and the ‘wet’ (oedematous) form of 
beri-beri is perhaps related. A similar form of 
oedema has been observed in infants when there has 
been excess of carbohydrates in the diet with marked 
deficiency in other foodstuffs. In all such examples 
of nutritional oedema, the problem is a complex one, 
and the relative importance of the various factors 
outlined above varies in individual cases. 

Oedema may occur in patients with chronic wast- 
ing diseases, e.g. cancer, tuberculosis, etc., and is due 
mainly to cardiac failure, although fall in the plasma 
proteins is a contributory factor in some cases. 

Pulmonary oedema 

The osmotic pressure of the plasma (25 mm 
Hg) is substantially greater than the normal 
hydrostatic pressure in the pulmonary capil- 
laries (8-10 mm Hg). Consequently, the de- 
velopment of oedema of the lungs usually re- 
quires a considerable rise in the hydrostatic 
pressure. As elsewhere, this occurs, together 
with increased vascular permeability, in acute 
inflammatory lesions, and inflammatory 
oedema is pronounced in severe influenza and 
lobar pneumonia, etc. 

Pulmonary oedema can be produced readily 
in healthy dogs by interfering with the flow of 
pulmonary venous blood, for example by com- 
pressing the left atrium or ventricle, or con- 
stricting the aorta. Similarly, in man, it occurs 
in left ventricular failure, as in some cases of 
myocardial infarction and in systemic hyper- 
tension. In this latter condition, acute pul- 
monary oedema comes on especially when the 
patient is lying down, probably due to im- 
proved venous return from the legs, and perhaps 
also to increase in the blood volume by re- 
absorption of oedema fluid from the legs when 
recumbent. The attack is usually relieved by 
sitting up. Chronic pulmonary congestion, as, 
for example, in stenosis of the mitral valve, is 
not alone sufficient to produce pulmonary 
oedema in man. This is probably because reflex 
increase in tone of the hypertrophied pul- 
monary arterioles protects the pulmonary 
capillary bed from excessive rise in pressure. 
However, the situation is precarious, and pul- 
monary oedema is prone to result from phy- 
sical exertion or other factors which increase 
the pulmonary blood flow. Chronic pulmonary 
oedema may occur as part of generalised renal 
oedema, particularly when there is, in addition, 
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systemic hypertension, as in acute glomer- 
ulonephritis. Another important cause is over- 
loading of the circulation by rapid transfusion 
of blood to patients with severe anaemia. 
Finally, pulmonary oedema occurs in some 
cases of increased intracranial pressure, most 
commonly in head injury or intracranial haem- 
orrhage. 

Apart from the above causes, oedema of the 
posterobasal parts of the lungs is a very 
common finding at necropsy, particularly in 
old people and where death is due to a toxic 
condition or has been preceded by coma. The 
oedema fluid is very prone to become infected 
by a mixture of bacteria, usually of low viru- 
lence, producing hypostatic pneumonia which, 
if untreated, is likely to be the immediate cause 
of death. 

Depending on the causal factors, pulmonary 
oedema may be confined within the alveolar 
walls, i.e. interstitial oedema, or the fluid may 
pour into the alveolar spaces. The factors con- 
cerned are considered on pp. 451-4. 

The renin-angiotensin-aldosterone 
system 

Renin is an enzyme, stored and probably formed in 
the renal juxta-glomerular apparatus; it is present in 
high concentration in the cytoplasmic granules of 
cells of the wall of the terminal part of the afferent 
glomerular arterioles. The adjacent macula densa, a 
plaque of specialised epithelial lining cells in the wall 
of the distal convoluted tubule, is probably a sensory 
device, regulating the release of renin in response to 
changes in the composition of the fluid in the tub- 
ular lumen (Fig. 9.34). 


Distal convoluted 



Renin-substrate (angiotensinogen) is present in the 
a 2 -globulin fraction of plasma and also in renal 
lymph. 

The initial product of the action of renin on its 
substrate is an inactive decapeptide, angiotensin I, 
which is converted in the circulation to the active 
octapeptide, angiotensin II. This conversion takes 
place largely in the pulmonary circulation, but it 
occurs also in the kidneys and this is of considerable 
importance in considering the possible direct renal 
actions of angiotensin. 

Renin is normally present in higher concentration 
in renal lymph than in renal venous plasma, but be- 
cause of the much higher rate of renal plasma flow, 
secretion into the renal vein is greater than that into 
lymph. 

Effects of renin. Renin, by way of angiotensin, has 
three principal actions: 

(a) Aldosterone-stimulating. 

(b) Pressor, mediated mainly by peripheral vaso- 
constriction. 

(c) A direct renal effect, modifying urinary output 
of water and electrolytes. 

Other actions, which hitherto have been less fully 
studied, are the central stimulation of thirst, release 
of catecholamines and vasopressin. 

The relative dominance of the three principal 
actions mentioned above is much modified by the 
prevailing sodium status. Sodium deprivation, for 
example, enhances the aldosterone-stimulating 
effect, while minimising the pressor action, so that a 
marked rise in circulating renin, angiotensin II, and 
aldosterone occurs with little or no increase in arter- 
ial blood pressure. 

The renal effects of administered angiotensin vary 
widely according to the dosage, the prevailing 
sodium status, arterial pressure, and species. At most 
doses which can safely be given to normal man, an- 
giotensin reduces renal excretion of sodium and 
water, and this effect is enhanced by severe sodium 
depletion, as in untreated Addison’s disease. By con- 
trast, in hypertension, irrespective of aetiology, and 
also in hepatic cirrhosis with ascites, angiotensin 
usually increases water and sodium loss. 

Secondary hyperaldosteronism. The renin- 
angiotensin-aldosterone system is stimulated, and 
high circulating levels of all three components may 
be found, in sodium depletion, whether due to dietary 
sodium restriction, sodium-losing renal disease, diu- 
retics or purgatives: haemorrhage produces a similar 
response. Because in these situations the increase in 
aldosterone is thought to be a consequence of a rise 
in renin, these are regarded as examples of ‘secon- 
dary’ hyperaldosteronism. 

Secondary hyperaldosteronism develops in some, 
but by no means all, cases of untreated congestive 
heart failure, in hepatic cirrhosis with ascites , and in 



the nephrotic syndrome. It may seem paradoxical that 
patients with these oedematous states, with their re- 
tention of sodium and water, should react as though 
sodium-deprived. The explanation lies probably in 
that the excess sodium is principally extravascular, 
and thus not capable of recognition by the kidney. 
The kidney therefore responds as in sodium depriva- 
tion; hence plasma renin and angiotensin, and in 
consequence, aldosterone, are elevated. 

Renal artery stenosis is another instance in which 
the kidney probably receives a stimulus to increased 
renin release which is inappropriate to the overall 
requirements of the body. The old belief that renal 
artery constriction, by leading to increased circulat- 
ing renin and angiotensin, is simply and directly re- 
sponsible for hypertension via the pressor effect of 
angiotensin (p. 375) is a considerable oversimplifica- 
tion. It is clear, however, that in many cases of 
severe renal artery stenosis with hypertension, both 
renin and aldosterone are increased. A similar mech- 
anism — possibly multiple intrarenal arterial lesions — 
may be the cause of the secondary hyperaldosteron- 
ism which often accompanies the malignant phase of 
hypertension, irrespective of aetiology. In advanced 
chronic renal disease with renal failure, occasionally 
such severe elevation of renin and aldosterone levels 
may occur that hypertension cannot be controlled 
until both diseased kidneys have been excised. This 
could well be an instance where sufficient angio- 
tensin is circulating to have a direct pressor effect. 
However, angiotensin II also raises blood pressure 
by a slower-developing mechanism: infusion of angio- 
tensin II at a rate too low to have a direct vasocon- 
strictor effect raises the blood pressure gradually and 
sometimes markedly. Some workers consider that 
this second effect is more important in renal artery 
stenosis than the direct vasoconstrictor effect of 
angiotensin II. 

A particularly interesting form of secondary hyper- 
aldosteronism is found in the rare condition of 
renin-secreting renal tumour, which occurs mainly in 
young patients. 

In normal pregnancy, plasma levels of renin, 
renin-substrate, angiotensin II and aldosterone are 
all increased. This is an instance of physiological 
secondary hyperaldosteronism. 

Other patterns of variation in circulating renin 
and aldosterone are readily predictable. Sodium 
loading, or the administration of sodium-retaining 
substances such as DOC, fluorocortisone, car- 
benoxolone or liquorice, depress circulating renin 
and aldosterone. 

Primary hyperaldosteronism. An adrenocortical 
adenoma secreting an excess of aldosterone will lead 
to sodium retention, and thus to the combination of 
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renin suppression with elevated aldosterone. This is 
known as ‘primary’ hyperaldosteronism (p. 1041). The 
same combination will also be seen in any situation 
where excess aldosterone secretion is stimulated by 
mechanisms other than the renin-angiotensin 
system. 

Hypoaldosteronism. In Addison’s disease, the 
sodium deficiency stimulates marked secretion of 
renin, but aldosterone production remains deficient 
despite this stimulus, because the diseased adrenal 
cortex is unable to respond appropriately. 

Primary renin deficiency, found mainly in elderly 
patients, is accompanied by selective aldosterone 
deficiency, cortisol secretion being normal. 

Direct effects of renin and angiotensin on the 
kidney. The renal actions of angiotensin, although 
undoubted, are difficult to study in isolation from 
the pressor and aldosterone-stimulating effects. It 
has been suggested that phylogenetically, renin and 
angiotensin may have appeared initially as com- 
ponents of a purely intrarenal sodium-conserving 
system, and that the peripheral pressor and aldoster- 
one-stimulating actions evolved as subsequent re- 
finements and modifications, perhaps made neces- 
sary by a terrestrial, as opposed to an aquatic or 
semi-aquatic, habitat. 

As mentioned earlier, a small proportion of an- 
giotensin I can be converted to angiotensin II within 
the kidney. The major site of such conversion is, 
however, the lungs, and it has been suggested that 
this is an adaptation preventing the accumulation of 
dangerously high levels of angiotensin II within the 
kidney. When renal blood flow is impaired, the 
direct renal effect of angiotensin II may be initially 
beneficial, preserving glomerular filtration rate, pos- 
sibly by a tonic action on efferent glomerular arter- 
ioles. However, with further elevation of angiotensin 
II, this beneficial effect is lost, and renal failure with 
tubular necrosis ensues. 

Many years ago Goormaghtigh suggested that a 
renal effect of renin might be responsible for the re- 
duced renal blood flow and oliguria of acute renal 
failure (see p. 850) and that acute renal failure might 
be the pathological extreme of the process outlined 
above. This is now supported by the demonstration 
that very large doses of angiotensin II can produce 
acute renal failure with tubular necrosis in experi- 
mental animals. A wide variety of stimuli causing in- 
creases in renin secretion predispose to acute renal 
failure with or without renal tubular necrosis. These 
include cardiac failure, sodium depletion, pregnancy, 
haemorrhage, Addison’s disease and renal artery 
occlusion. Conversely, sodium loading and renal 
denervation reduce renin levels and are thought to 
protect against acute renal failure. 
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Shock 


Definition and nature of shock. Shock is the 
nam e given to the complex series of changes 
which result from an acute fall in cardiac 
output. 

These changes include regulatory mechan- 
isms which are beneficial in that they tend to 
maintain the circulation, particularly to those 
organs with the most vital and urgent perfusion 
requirements — the heart and the central ner- 
vous system. Unless the circulating blood 
volume can be restored without undue delay, 
the diminished blood flow through most of the 
tissues results in widespread impairment of cell 
functions, and this, together with the com- 
pensatory circulatory changes, is responsible 
for the clinical features of shock. 

A clear distinction should be made between 
shock and the fainting or vaso-vagal attack. 
The latter is immediate, can result from all 
grades of injury, from severe pain, or from psy- 
chogenic stimuli such as a fright or witnessing 
an accident or surgical operation. Fainting is 
characterised by pallor, sweating, weakness, a 
slow pulse, marked fall in blood pressure and 
loss of consciousness; vomiting and convul- 
sions may also occur. These changes last only a 
few minutes and recovery is rapid. The fainting 
attack is mentioned here because it used to be 
known as ‘primary shock’. In fact, it is quite 
distinct from shock, and should not be 
confused with it. 

Causes and types of shock 

The three major causes of shock are: 

1. Reduction of blood volume, which induces 
hypovolaemic shock: examples include severe 
haemorrhage, extensive vascular exudation as in 
burns, and conditions such as severe vomiting 
and diarrhoea, which cause dehydration. 

2. Acute cardiac failure (cardiogenic shock), 
due most often to myocardial infarction. 

3. Severe infections, usually with bacteraemia 
or septicaemia, which induce septic shock. 

Although all three major types have many 
features in common, they also differ in important 
ways. It is also important to emphasise that the 
longer shock persists, the more complicated it 
becomes, apd in advanced shock all three fac- 
tota-rbypovolaeoaia, cardiac insufficiency and 


bacterial infection — are often combined. It is 
convenient to give first an account of hypovol- 
aemic shock, and then to describe the special 
features of the other types. 

The nature and features of anaphylactic 
shock and of the shock-like state of acute 
immune-complex disease are described on pp. 
146 and 155 respectively. 

Hypovolaemic shock 

This results most commonly from acute severe 
haemorrhage, due to trauma, to involvement of 
blood vessels in disease processes, or to a hae- 
morrhagic disorder. Another important cause 
is severe burning, in which hypovolaemia results 
from inflammatory exudation of plasma fluid 
from the damaged small blood vessels in the 
vicinity of extensive burns. Thirdly, hypovol- 
aemic shock can develop in severe acute 
dehydration, for example in association with a 
gastric or intestinal fistula, gastroenteritis or 
cholera. 

Clinical features 

The shocked patient is often restless and con- 
fused, has a pale, cold, sweaty skin, often with 
peripheral cyanosis, a rapid weak pulse, a low 
blood pressure, increased rate and depth of re- 
spiration, and may become drowsy and con- 
fused and finally comatose. 

Haemorrhagic and traumatic shock 

A normal healthy adult can lose 500 ml of 
blood, i.e. about 10 per cent of the blood 
volume, without any significant disability; the 
blood volume is almost restored within a few 
hours, although replacement of plasma pro- 
teins takes a day or two, and restoration of red 
cells takes much longer. Loss of 25 per cent of 
the blood (about 1250 ml) results in significant 
hypovolaemia over the next 36 hours, while a 
rapid loss of about half the blood volume so 
reduces the circulation that death is likely 
unless the blood volume is restored thera- 
peutically. 

Early changes. Acute hypovolaemia results in 
a reduced central (systemic) venous pressure 
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and so a diminished flow of blood into the 
right atrium. The stroke volume is thus lowered 
and the cardiac output and arterial blood pres- 
sure fall. These haemodynamic changes trigger 
off peripheral and central baro-receptors with 
consequent sympathico-adrenal stimulation, 
and there is a huge increase in the levels of 
catecholamines in the plasma, sometimes by 
over 200 times. As a result of impaired renal 
perfusion, there is also intense secretion of 
renin and so a great increase of angiotensin II 
in the plasma (pp. 258-9). 

The combined effects of these massive 
amounts of vasoactive agents result in an in- 
crease in the tone of the systemic veins, so that in 
spite of their reduced content of blood, central 
venous pressure and right atrial filling are par- 
tially restored, the heart rate increases, and car- 
diac output tends to rise towards normal. The 
high levels of catecholamines and angiotensin 
also cause constriction of the arterioles and 
venules in the skin, splanchnic area, and indeed 
most of the tissues of the body, so that peri- 
pheral resistance is increased, and even without 
treatment the blood pressure may be partially or 
fully restored, although tissue perfusion is low. 
The heart and central nervous system do not 
suffer to the same extent as the other tissues 
because they can autoregulate their own perfu- 
sion: their small blood vessels do not contract 
in response to noradrenaline, etc., but have an 
inherent property of relaxing when the blood 
pressure falls and contracting when it rises. In 
consequence of this autoregulatory mechanism, 
cerebral and coronary blood flow are maintained 
close to normal levels at blood pressures down to 
50 mm Hg. At this pressure, arteriolar relaxa- 
tion is maximal and perfusion rapidly falls off 
at lower pressures. 

This, then, is the haemodynamic status in 
early shock. Compensating changes have tended 
to keep up the cardiac output and blood pres- 
sure, and the brain and heart are preferentially 
supplied with blood at the expense of dim- 
inished perfusion of the other tissues. If less 
than 25 per cent of the blood has been lost, and 
if there are no serious complicating factors (see 
below), the blood volume will rise naturally: 
vasoconstriction of the arterioles is greater than 
in the venules, so that the pressure in the capil- 
laries is low and extravascular fluid passes into 
them (p. 49), and the high levels of angiotensin 
II stimulate adrenal secretion of aldosterone, 


which promotes retention of salt and water. 
The circulation is nevertheless precarious, and 
further bleeding, major surgery to deal with the 
causal injury or bleeding vessel, severe pain, or 
the development of infection, will all tend to 
increase the circulatory deficit. It is therefore 
important, in all save the mildest cases, to 
restore the blood volume by intravenous admin- 
istration of fluid. The nature of the fluid is not 
so important as the avoidance of delay: buf- 
fered saline or macromolecular solutions 
(plasma, dextran, etc.) are both effective in- 
itially, but macromolecular solutions have the 
advantage of maintaining the osmotic pressure 
of the plasma, thus tending to hold fluid in cir- 
culation, and are usually used for losses of 
around 25 per cent or more of the blood. It is 
also important to maintain the haematocrit at 
around 30 per cent in order to minimise tissue 
hypoxia, and matched blood (or in an urgent 
situation Group O Rh negative blood) are nor- 
mally administered if haemorrhage has ex- 
ceeded 25 per cent of the blood volume. Some 
estimate of the volume of fluids required can be 
made from the amount of blood lost, the clini- 
cal state, and the severity and nature of injury, 
but account must also be taken of internal haem- 
orrhage, e.g. into the gastro-intestinal tract or 
around a fracture. The haemoglobin and haem- 
atocrit levels are not reliable guides to the 
degree of hypovolaemia during the first 36 
hours. In the absence of cardiac insufficiency, a 
low blood pressure is an indication of hypo- 
volaemia in early shock, but because of the 
compensatory mechanisms described above, it 
may be normal or nearly so in patients with 
serious hypovolaemia. A low central venous 
pressure is often, although not always, a useful 
indication of hypovolaemia, and if possible this 
should be monitored in all except mild cases of 
shock. 

Although the peripheral vasoconstriction of 
shock serves a compensatory function, it is also 
harmful by reducing general tissue perfusion 
and it may, by increasing peripheral resistance, 
induce heart failure (see below). In some cases, 
the blood pressure may rise above normal, and 
the vasoconstriction may persist in spite of 
restoration of the blood volume. Drugs which 
promote vasodilatation (e.g. thymoxamine, 
sodium nitroprusside) are therefore sometimes 
beneficial, but only when steps have been taken 
to restore the blood volume: in the hypovol- 
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aemic patient they are liable to cause further 
circulatory collapse. 

The changes of advanced shock. If shock 
persists, the widespread arteriolar constriction 
gradually passes off, but venular constriction 
is more persistent and capillary pressure rises 
with consequent loss of fluid into the ex- 
travascular space and further fall in blood 
volume. At this late stage of shock, the capil- 
laries are congested with slowly-flowing blood, 
and cyanosis may be apparent. The general re- 
duction in blood supply to the tissues is aggra- 
vated by a number of complex factors brought 
about by changes in the blood itself and by the 
injury to vascular endothelium and tissue cells 
resulting from perfusion failure. Some of the 
changes are as follows: 

(a) Viscosity of the blood is increased by the 
haemoconcentration resulting from loss of 
capillary fluid. This leads to sludging of the red 
cells and rouleaux formation (p. 47) and these 
effects are increased by the rise in plasma 
fibrinogen which follows haemorrhage. 

(b) Release of thromboplastin (Factor III) 
from hypoxic endothelium and tissue cells re- 
sults in the production of thrombin (p. 234), 
which promotes aggregation of platelets and 
occasionally intravascular formation of fibrin. 
Aggregated platelets release adenosine di- 
phosphate and thromboxane A 2 which cause 
further platelet aggregation. 

(c) Neutrophil polymorphs adhere to the in- 
jured vascular endothelium of small vessels. 

(d) Hypoxic injury results in release of lyso- 
somal enzymes and secretory products into 
the blood. Proteolytic enzymes, e.g. trypsin 
from the pancreas, may activate the kinin 
system and thus further embarrass the circula- 
tion by causing vasodilatation and increased 
permeability. Production of the prostaglandins 
may also be increased: those of the E group 
have a kinin-like effect, while the F group may 
increase the resistance to pulmonary blood 
flow. 

Metabolic disturbances. The hypoxia of 
shock interferes profoundly with cell metab- 
olism. It prevents the entrance of pyruvic acid 
into the citric acid cycle and in consequence 
lactic acid accumulates and glucose passes out 
of the hypoxic cells, leading to insulin-resistant 

cental venous pressure is used as a measure of the 
,'r as 8» indication of die left heart fitting pressure. 


hyperglycaemia and increased glycogenolysis. 
These metabolic disturbances together with 
high levels of catecholamines, result in a rise 
of fatty acids and amino acids in the plasma. 
Impaired carbohydrate metabolism results in a 
fall in production of adenosine triphosphate 
and so energy is not available for many cell 
functions, including the sodium pump: potass- 
ium leaves the cells and sodium and water enter 
and cause swelling: these effects , sometimes 
termed the ‘sick cell syndrome’ (p. 19) may, by 
lowering the level of blood sodium, lead to 
inappropriate administration of salt. 

Metabolic acidosis, with rise in blood lactic 
acid, contributes to the hyperventilation of 
shock. 

Organ function in shock. While all the organs 
are affected in shock, respiratory and cardiac 
failure are commonly of life-threatening im- 
portance. Quite apart from cardiogenic shock 
(see below), acute heart failure, first of the left 
and then of both ventricles, may develop in 
severe hypovolaemic or septic shock, and is 
particularly common in older patients with pre- 
existing coronary artery disease. The increased 
load on the heart resulting from peripheral vaso- 
constriction and its treatment with vasodilator 
drugs has been considered above. A factor 
which reduces myocardial contractility ( myocar- 
dial depressant factor) has been detected in the 
plasma of shocked patients who subsequently 
died of cardiac failure: it is believed to be re- 
leased from the pancreas. The impaired blood 
flow of severe shock, together with activation 
of the clotting mechanism, predispose to cor- 
onary thrombosis in patients with coronary 
artery disease. If operation is necessary, an- 
aesthetic drugs may also impair cardiac func- 
tion. Monitoring of the cardiac filling* and 
systemic arterial pressures, and particularly of 
changes in them during intravascular admini- 
stration of fluid, helps to distinguish between 
hypovolaemia and cardiac insufficiency in 
shock. In some cases, drugs such as dopamine 
or digitalis, which increase myocardial con- 
tractility, are beneficial. 

Disturbance of gas exchange in the lungs is 
another important complication of shock, and 
can be assessed by comparing the mixed venous 
and arterial oxygen tensions. Improvement 

right heart filling pressure and the pulmonary artery ‘wedge’ 
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usually follows restoration of the blood 
volume, together with intermittent positive- 
pressure ventilation if necessary, but in some 
cases pulmonary function continues to 
deteriorate due to a combination of causes — 
pulmonary oedema, alveolar collapse, intra- 
vascular fibrin formation, embolism, infection, 
etc., known collectively as shock lung (p. 454), 
and death is then likely to result largely from 
the additional burden of respiratory failure. 

Perfusion of the kidneys in shock is directly 
proportional to the blood pressure. Production 
of urine ceases at about 50 mm Hg and if the 
pressure remains low for some hours, focal 
hypoxic injury to the tubular epithelium may 
be associated with acute renal failure which 
persists for days or weeks after recovery from 
shock (p. 849). Renal damage is particularly 
common in shock associated with crush injury, 
childbirth, incompatible blood transfusion or 
severe infection. 

Because of its autoregulatory mechanism, 
blood flow to the brain is relatively well- 
maintained unless the blood pressure falls be- 
low 50 mm Hg. Even a brief period of more 
severe hypotension can cause severe ischaemic 
brain damage (p. 247). Ischaemic centrilobular 
necrosis of liver cells may also occur, although 
liver failure is seldom prominent. 


Other causes of hypovolaemic shock 

Burns. In burning or scalding, necrosis of the 
more superficial tissues is accompanied by a 
lesser degree of injury to the underlying tissues, 
the reaction to which is acute inflammation. 
The small vessels dilate and their permeability 
increases, so that there is exudation of protein- 
rich fluid. When the area involved is extensive 
(10 per cent or more of the skin surface), the 
loss of fluid is severe enough to induce hypovol- 
aemia and shock. The changes are similar to 
those following haemorrhage but hypovolae- 
mia develops more slowly, haemoconcentration 
is more pronounced, with its attendant sludging 
and rouleaux formation, there is usually a 
marked leukocytosis, and the state of shock 
may recur or increase on the second or third 
days, possibly as a result of infection or 
absorption of breakdown products from the 
necrotic tissue. The principles of treatment of 
bum shock are the same as for haemorrhagic 


shock, but the loss is of plasma rather than 
whole blood, so that plasma transfusions are 
used initially. Some destruction of red cells 
does however, occur in the burned area, and in 
very extensive burning severe anaemia may 
develop, necessitating blood transfusion. An- 
other important complication of burning is 
bacterial infection, the dead tissue providing a 
good culture medium from which bacteria 
commonly invade the underlying tissue and 
bloodstream. Streptococci and staphylococci 
were formerly the most important invaders, but 
with antibiotic therapy Gram-ve bacilli, and 
especially Pseudomonas aeruginosa, now pre- 
dominate. The features of septic shock com- 
monly supervene, and sepsis is now the major 
cause of death from burns. 

Dehydration, if severe, causes hypovolaemic 
shock, although the blood volume is reduced 
relatively less than the extravascular fluid, and 
the effects of cellular dehydration are regarded 
as the usual cause of death (p. 252). 


Cardiogenic shock 

Acute lesions of the heart may severely reduce 
cardiac output and the subsequent haemo- 
dynamic and other changes are similar to those 
in hypovolaemic shock. The cardiac filling pres- 
sures are, however, raised, and although the 
clinical features — pallor, weak rapid pulse, 
sweating, etc. — are the same as in hypovolae- 
mia, intravenous administration of fluids, which 
is beneficial in selected cases, must proceed 
with caution. 

The commonest cause is myocardial infarc- 
tion, and although only a small proportion of 
patients with this condition develop the full 
picture of shock, the mortality from this com- 
plication is very high even if facilities are avail- 
able for intensive therapy. Other conditions 
which can cause cardiogenic shock include rup- 
ture of a valve cusp, major arrhythmias, and 
cardiac tamponade due to haemopericardium 
(resulting from direct trauma or as a complica- 
tion of a ruptured myocardial infarct). Al- 
though not strictly cardiogenic shock, acute 
obstruction to blood flow by pulmonary emboli 
can result in a similar condition. As already 
indicated, cardiac insufficiency can develop as a 
complication of haemorrhagic and other types 
of shock. 
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Septic shock 

Some patients with septicaemia or extensive 
localised infections, such as general peritonitis, 
pass into a state of shock which resembles that 
of hypovolaemia, but is often more prolonged, 
with a higher incidence of serious complica- 
tions, and an overall mortality exceeding 50 per 
cent. 

Septic shock is a common complication of 
infected bums, and of surgical operations, 
manipulations or instrumentation on the uro- 
genital, gastro-intestinal and biliary tracts. It 
occurs also in patients with immunodeficiency 
states, such as leukaemia and lymphomas, and 
as a complication of cytotoxic drugs or im- 
munosuppressive therapy. Many such patients 
are dehydrated, and this is an important pre- 
disposing factor. 

In a patient with known sepsis, high fever 
and symptoms and signs of shock, the diag- 
nosis is not difficult, but in many patients, 
especially the elderly and following surgical pro- 
cedures, septic shock develops insidiously, 
often without fever, and there may be an initial 
‘hyperdynamic’ stage in which cardiac output 
is increased, the blood pressure reduced, peri- 
pheral resistance low, and the skin warm: these 
features may be due to bacteria-mediated re- 
lease of kinins and other vaso-active agents. 
More often circulatory changes are similar 
from the onset to those of hypovolaemia, with 
pallor, sweating, cold extremities, increased 
peripheral resistance and reduced cardiac 
output, etc. Septic shock is particularly difficult 
to reverse and, as with other forms of shock, 
the longer it persists the more refractory it 
becomes. Tissue hypoxia results in wide- 
spread derangement of cell function, and feat- 
ures of multi-organ failure often develop. Res- 
piratory failure due to ‘shock lung’ is often 
combined with cardiac failure and arrhythmias. 
Acute renal failure is also very common, al- 
though (as in hypovolaemic shock) many of its 
serious effects develop after recovery from 
shock. 

Disseminated intravascular coagulation (p. 
556) is more prone to develop in septic than in 
hypovolaemic shock. It interferes further with 
organ perfusion and, may greatly aggravate pul- 
monary failure, or may, by consumption of 
oMtiag iactors and activation of the plasmin 
' progress to a bleeding state with wide- 


spread haemorrhage, e.g. from the gastro- 
intestinal mucosa. 

Treatment of septic shock is based on elimination 
of the causal infection, restoration of the circulation, 
and correction of hypoxaemic metabolic acidosis 
and electrolyte imbalance. Antibiotic therapy cannot 
usually await the results of bacteriological culture of 
the blood etc. and tests for sensitivity, although it 
may need to be subsequently modified according to 
the bacteriological findings. The choice and rate of 
administration of intravascular fluids will depend on 
the results of monitoring procedures and haem- 
atological and biochemical tests. These include 
monitoring the cardiac filling and systemic arterial 
pressures, and frequent assay of the blood gases and 
pH, plasma electrolytes and osmolality, platelet 
counts and haematocrit. It may also be necessary to 
assay the status of the coagulation and plasmin sys- 
tems. Intermittent positive-pressure ventilation, in- 
stituted at an early stage, has been shown to de- 
crease the risk of the development of pulmonary fail- 
ure, and drugs which increase cardiac output and 
tissue perfusion may be of value. The prognosis de- 
pends very much on the availability of experienced 
staff and facilities. 

Aetiology. The microbial factors responsible 
for septic shock are by no means fully eluci- 
dated. With widespread use of antibiotics, the 
aerobic Gram-ve bacilli have replaced the pyo- 
genic cocci as the major cause of septicaemia 
and bacteraemia. The organisms most com- 
monly responsible include Esch. coli, Proteus, 
Klebsiella and in cases of burns Pseudomonas 
aeruginosa. About 50 per cent of patients with 
blood infection by these bacteria develop septic 
shock. Bacteroides (the anaerobic non-sporing 
bacilli which constitute over 99 per cent of the 
faecal flora) have been recognised quite re- 
cently as an important cause of blood infection, 
and about 30 per cent of cases are complicated 
by shock. All these Gram-ve bacteria release 
endotoxins when they die, and there is a wide- 
spread belief that endotoxin is a major cause of 
the manifestations of septic shock. Animals 
injected with endotoxin present many of the 
features of septic shock, including dissemin- 
ated intravascular coagulation (the so-called 
Schwartzman reaction), and endotoxin has been 
detected in the blood of shocked patients with 
Gram-ve septicaemia by means of the limulus 
test (in which endotoxin is detected by its pro- 
perty of clotting a lysate of the blood amoeb- 
ocytes of Limulus polyphemus, the horse-shoe 
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crab). The limulus test is, however, time- 
consuming and, unless performed by an expert, 
can be misleading. 

Endotoxin may induce the features of septic 
shock by a combination of its known effects, 
including activation of complement by the 
alternative pathway (p. 143), by promoting 
intravascular clotting, by its cytotoxic effects 
on neutrophil polymorphs, or possibly by pro- 
moting the production of kinins, prostagland- 
ins, etc. 

Severe shock sometimes develops in patients 
with fungal or acute virus infections, and in 
some instances immune-complex formation may 
be involved. 

Other causes of shock 

Some cases of shock do not fall into any of the 
three major types described above. For ex- 
ample, escape of gastric or duodenal juice into 
the peritoneal cavity, via a perforated peptic 
ulcer, causes severe shock, and so does acute 
haemorrhagic pancreatitis (which is non- 
bacterial), and the drinking of many poisons. 
In these conditions, it is likely that shock is 
chemically-induced, but there may also be 
severe pain which, without doubt, aggravates 
shock. 

Severe shock results from transfusion of 
strongly incompatible blood to which the re- 
cipient has iso-antibodies; also in acute cir- 
culating immune complex disease (p. 155) and 
acute generalised anaphylaxis (p. 146). 

Morphological changes in shock 

The morphological changes in patients dying 
from shock are often inconspicuous. In spite of 
the fundamental disturbances of cell function, 
the parenchymal cells in general usually show 
only swelling and sometimes fatty change. In 
addition to the causal changes — injury, haem- 
orrhage, coronary thrombosis, septicaemia, 
etc. — there may be various pulmonary changes, 
including oedema, congestion, hyaline mem- 
brane formation, collapse and broncho- 
pneumonia (p. 454). The kidneys usually show 
the pallor and cortical swelling of acute tubular 
injury (p. 848) and there may be centrilobular 
hepatic necrosis. If the patient has survived suf- 
ficiently long for its recognition, there may be 


acute ischaemic necrosis in the ‘boundary’ 
zones of the brain (pp. 745-6). Features of dis- 
seminated intravascular coagulation include 
widespread haemorrhages, and microscopy 
may reveal fibrin thrombi in the small vessels, 
especially in the lungs and kidneys (Fig. 9.35). 
The adrenals show the lipid depletion of the 
‘stress’ reaction (p. 1039), but occasionally 
there is a combination of haemorrhage and 
necrosis, particularly in septic shock associated 
with meningococcal septicaemia. 



Fig. 9.35 Fibrin thrombus in a small pulmonary 
vessel in a case of disseminated intravascular coagu- 
lation. x200. 


Metabolism after injury 

The metabolic disturbances associated with 
shock (p. 262) include incomplete carbohydrate 
catabolism, metabolic acidosis, disturbed pro- 
tein and fat metabolism and a rise in the blood 
levels of glucose, amino acids and fatty acids. 
These changes were demonstrated experi- 
mentally by Cuthbertson, who termed them the 
‘ ebb phase'. Energy production is consequently 
depressed, and there is a general disorder of 
cellular metabolic processes. These changes are 
liable to develop in the first days following a 
severe injury, bum or surgical operation. Fol- 
lowing the period of shock (or 2-3 days after 
such injury when shock has been prevented), 
the metabolism changes to a 'flow phase' in 
which there is increased energy (and heat) pro- 
duction, due largely to breakdown of depot fat 
and protein, with consequent loss of weight 
and a negative nitrogen balance. During this 
period, which may persist for days to months 
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depending on the severity of the injury, car- 
bohydrate catabolism is complete and there is 
no metabolic acidosis unless carbohydrate 
intake is low. The mechanism of the increased 


metabolic activity, which resembles that in 
fever, is uncertain, but weight loss can be mini- 
mised by a high calorie, high protein diet, and a 
warm environment. 


Blood Groups and Blood Transfusion 


Before administering a blood transfusion, it is 
essential to make sure that the donor’s red cells 
are compatible to the patient, and in particular 
that the patient’s plasma does not contain 
iso-antibodies reactive with surface antigens on 
the donor’s red cells. The ABO blood group 
system is of outstanding importance, for iso- 
antibodies are normally present in the plasma (see 
Table 9.2) and their reaction with incompatible 
transfused red cells usually causes a severe hae- 
molytic reaction with fever, shock, often acute 
renal failure and sometimes death. The rhesus 
(Rh) blood group system comes next in 
importance. Unlike the ABO system, Rh iso- 
antibodies are not usually present in the plasma, 
but they sometimes develop as a result of an Rh- 
incompatible blood transfusion or pregnancy. 

For blood transfusion, the patient’s ABO 
and Rh types should be determined and blood 
of the same type should be selected for trans- 
fusion. In addition, it is necessary to perform a 
compatibility or cross-matching test in which 
the donor’s red cells are incubated in the recipi- 
ent’s serum at 37°C, and the cells are then 
examined for agglutination and also by the anti- 
globulin test (p. Ill) to detect non-agglutinat- 
ing. (IgG) antibodies in the recipient’s serum. 
The purpose of this procedure is to detect (1) 
technical or clerical errors in grouping and in 
collection and storage of the donor’s blood, 


and (2) the presence of unusual iso-antibodies 
in the recipient’s plasma. 

As a life-saving measure, it may be ap- 
propriate to transfuse Group O, Rh— ve blood 
to a patient of unknown group, but it is usually 
preferable to administer plasma while grouping 
procedures are being performed, and in any 
case a direct cross-matching procedure should 
always be performed. 

Incompatibility can also arise when a 
donor’s blood contains high titre antibodies 
reactive with the patient’s red cells. Transfusion 
reactions from this cause are not usually severe 
because the donor’s plasma (and thus the anti- 
body) is diluted in vivo by the recipient’s 
plasma. Screening tests for high titre ABO anti- 
bodies are not performed by most transfusion 
centres, and if donor and recipient are of the 
same ABO and Rh type the danger is largerly 
excluded. 

The ABO groups 

Individuals can be classified into four groups 
by the presence or absence of A and B antigens 
on their red cells and of anti-A and anti-B anti- 
bodies in their plasma (or serum). Table 9.2 
shows the features of the four groups. 

Standardised anti-A and anti-B serum (from 
selected subjects of group B and A respectively) 


Table 9.2 The four ABO blood groups 

Blood 

group 

Red cell 
antigens 

Iso-antibodies 
in serum 

Can accept 
blood of group 

Can donate to 
patients of group 

Incidence in 
Britain* (%) 

AB 

AB 

nil 

all groups 

AB 

3 

A 

A 

anti-B 

A, 0 

A, AB 

42 

" 1 B 

B 

anti-A 

B, 0 

B, AB 

8 

" 0; i' 'V 

■'T ' ,, 1 

0 

anti-A + anti-B 0 

all groups 

47 


; Vv-PK.fiequ^Qdes of the four groups vary greatly in different ethnic groups. 



are used to determine the group to which any 
individual belongs. If the red cells are agglutin- 
ated by both sera the blood belongs to group 
AB, if agglutinated by group B serum alone the 
blood belongs to group A, if by group A serum 
alone to group B, and if by neither serum, it 
belongs to group O. Since the serum of group 
AB does not agglutinate the red cells of any of 
the groups an individual of group AB can 
receive the red cells of any other group and 
is thus a ‘universal recipient’. The cells of an 
individual of group 0 are not agglutinated by 
the serum of any group; the red cells can be 
transfused into an individual of any group and 
such persons are known as ‘universal donors’. 

The three blood group substances A, B and 
O are determined by allelic genes, one from 
each parent, so that there are six genotypes 
(AA, BB, AB, AO, BO and 00). O sub- 
stance, however, is for practical purposes non- 
antigenic, and accordingly grouping is based 
on the presence or absence of A and B, giving 
the four phenotypes, which were first detected by 
Landsteiner. The iso-antibodies are mainly of 
IgM class, and develop after birth, apparently 
as a result of exposure to bacterial and other 
substances antigenically similar to A and B. 
Group A (or B) individuals are immuno- 
logically tolerant to A (or B) and so do not 
develop the corresponding antibodies. 

The Rhesus (Rh) groups 

The Rh blood group system was discovered by 
Landsteiner and Wiener (1940), who were in- 
terested in the antigens of human and animal 
red cells, and noted that guinea-pig or rabbit 
antisera to the red cells of Macacus rhesus 
monkeys agglutinated the red cells of 84 per 
cent of white Americans; accordingly, these 84 
per cent were called Rh-positive, and the 16 per 
cent of non-reactors, Rh-negative. The human 
Rh system is, however, more complex, and fur- 
ther elucidation has come from the use of iso- 
antibodies which, unlike the ABO antibodies, 
are not routinely present in human serum, but 
develop in about 50 per cent of Rh— ve sub- 
jects transfused with Rh+ ve blood, and in about 
5 per cent of Rh— ve women as a result of an 
Rh+ve pregnancy (p. 151). Once Rh anti- 
bodies have developed, a subsequent Rh+ve 
blood transfusion is likely to cause an acute 
reaction with immune destruction of the trans- 
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fused red cells by a cytotoxic antibody (type II) 
reaction, while an Rh+ve fetus is liable to 
suffer from haemolytic disease of the newborn 
(p- 527). 

Rhesus iso-antibodies may be of either IgM 
or IgG class: their demonstration requires in- 
cubation with appropriate red cells at 37 °C. 
Since IgG antibodies sensitise the red cells 
without agglutinating them, their detection is 
usually effected by use of the antiglobulin reac- 
tion (p. Ill) and by methods which render red 
cells agglutinable by Rh antibodies, e.g. treat- 
ing the red cells with papain or suspending 
them in a concentrated albumin solution. 

Rh sub-groups. In simple terms, Rh blood 
group antigens are determined by three pairs of 
allelic genes, one of which codes for antigens C 
and c, one for D and d and the third for E and e. 
As the genes are closely linked, they are trans- 
mitted as haplotypic ‘sets’ which may be ex- 
pressed as CDe, cde, etc., or by a set of sym- 
bols (Rj, r, etc.). The frequency of the eight 
possible haplotypes varies considerably in dif- 
ferent peoples: their frequency in this country, 
together with the alternative symbols are 
shown in table 9.3 


Table 9.3 The major Rh haplotypes and their fre- 
quency in Britain. 


Haplotype 

Abbreviation 

Frequency*! 

CDe 

Rx 

0*420 

cde 

r 

0*389 

cDE 

&2 

0*141 

cDe 

Ro 

0*026 

cdE 

r" 

0*012 

Cde 

r' 

0-010 

CDE 

Rz 

very rare 

CdE 

r y 

very rare 


* The frequency varies greatly in different ethnic groups. 
fThe frequency of any given genotype is obtained by 
multiplying together the frequencies of the two hap- 
lotypes as given here: thus CDe/cde occurs in 0-420 x 
0-389 = approx. 16 per cent of the population of Britain, 
and cde/cde in 0-389* = 15 per cent. Reversing the calcu- 
lation gives an estimate of gene frequency for known 
genotype frequencies. 

Each individual inherits one of these sets 
from each parent, and his red cells may thus 
have from 3 to 6 different Rh antigens. In prac- 
tice, iso-immunisation develops mainly when 
an individual of genotype cde/cde receives red 
cells which are D-positive. Accordingly, indivi- 



268 Disturbances of blood flow and body fluids 

duals whose red cells possess D are termed 
Rh-positive and those without D (i.e. with 
dd) are termed Rh-negative. In Caucasian 
stock, about 15 per cent of individuals are 
cde/cde (hence the frequency of cde as calcu- 
lated in the table is = 0-389). 
Rh-ve individuals with other genotypes are 
comparatively rare. 

There is also a significant risk of the develop- 
ment of anti-C when C+ cells are transfused to 
an Rh-ve individual, and it is common prac- 
tice to use a mixture of anti-C and anti-D for 
Rh grouping. Iso-immunisation may also result 
when c+ or e+ blood is transfused to CC or 
EE individuals respectively, but d+ blood does 
not iso-immunise DD individuals. 

The Rh system is, in fact, much more com- 
plex than has been suggested above: a fourth 


antigen, G, is closely associated with C and D, 
and further antigens, determined by variants of 
the common allelic genes or joint products of 
the genes, also occur. 

Other blood group systems 

In addition to the ABO and Rh groups many 
other blood group systems are known, but like 
the Rh group natural iso-antibodies are absent, 
and the sera that detect these groups are 
obtained mostly from persons immunised by 
transfusion or by pregnancy. These groups only 
rarely bring about iso-immunisation. Never- 
theless the greatly increased use of blood 
transfusion necessitates their consideration 
and identification when a cross-matching test 
reveals an unexpected antibody. 
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10 

Miscellaneous Tissue Degenerations and 
Deposits 


The degenerative changes which result from 
cellular injury, and the intracellular accumula- 
tion of lipids and glycogen resulting from cer- 
tain disorders of metabolism, have been dealt 
with in Chapter 1. In the present chapter we 
describe a group of changes which, although 
heterogeneous, consist of either the accumula- 


tion in the tissues of various substances — amyl- 
oid material, mucus, pigmented compounds, 
calcium deposits and urates — or tissue de- 
generations which usually affect the stroma of 
supporting tissues, and are recognised by their 
microscopic appearances but are ill-defined 
chemically. 


Amyloidosis 


Amyloid is a predominantly extracellular fibril- 
lar material composed essentially of protein: it 
is deposited in various tissues in a number of 
diseases. Extensive deposits are visible by naked 
eye, causing enlargement of the involved organ 
and giving it a waxy appearance (Fig. 10.1). In 



Fig. 10.1 Amyloidosis of liver. The amyloid mater- 
ial renders the organ firm, and gives it a dark, hom- 
ogeneous appearance. x 1. 


sections stained by haematoxylin and eosin 
amyloid is seen as a homogeneous, pink, re- 
fractile material. Electron microscopy shows it 
to consist of filaments of 7-5 nm diameter (Fig. 
10.2), which can be dissociated into several 
protofibrils and are often twisted together in 
pairs. 

Methods of demonstrating amyloid 

The wide variety of methods currently used to de- 
monstrate the presence of amyloid is an indication of 
their lack of specificity. Large deposits of amyloid 
are usually demonstrable by all the methods. If the 
amount of amyloid present is small, however, the 
results with each method vary from case to case and 
identification is correspondingly difficult; for this 
reason it is usual to use several methods, the best 
known of which are as follows. 

(1) Lugol’s iodine. Amyloid has a strong affinity 
for iodine (hence its name) and this forms the basis 
for a useful macroscopic test (Fig. 22.51, p. 842). 
When Lugol’s iodine solution is poured over tissue, 
the amyloid is stained deep brown in contrast to the 
normal tissue which is only lightly stained. Con- 
gested tissues should first be rinsed free of excess 
blood as this obscures the test. 

(2) Congo red. This stain may be used on gross 
specimens and sections for microscopy. Formerly the 
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Fig. 10.2 Electron micrograph showing renal amy- 
loidosis. The field shows glomerular capillary base- 
ment membrane on the outer side of which (above) 
the foot processes of the epithelium have fused to 
form a continuous layer. The inner part of the base- 
ment membrane is irregularly permeated by amy- 
loid which also occupies the sub-endothelial space 
(lower half of the field) and is seen as fine filaments. 
. x 39 000. 



Fig. 10.3 The kidney in amyloidosis, stained by 
Congo red. The glomerular capillaries and the arter- 
ioles are affected. Above , viewed by ordinary light: 
the amyloid is seen as homogeneous material. Below, 
viewed by crossed polarising films, showing bire- 
fringence of the amyloid, x 105. 


rate of disappearance from the serum of an intraven- 
ously injected solution of Congo red was used as a 
clinical test for amyloidosis but owing to severe reac- 
tions and lack of accuracy it was abandoned. In 
polarised light amyloid stained by Congo red shows a 
green birefringence, and this is the most reliable 
technique (apart from electron microscopy) for de- 
monstrating amyloid (Fig. 10.3). 

(3) Rosaniline dyes. These include gentian violet, 
methyl violet and crystal violet; they stain amyloid 
reddish while other tissue elements appear purple. 
This phenomenon of a dye reacting with a tissue 
constituent and undergoing a colour change is called 
metachromasia: it is believed that in this instance it is 
due to selective binding of impurities in the dyes by 
amyloid fibrils. 

(4) Fluorescent dyes. Thioflavine-T binds to amy- 
loid and its presence is demonstrated by fluorescence 
microscopy. The reaction is not, however, entirely 
i^peciflcfdt amyloid. 


The deposition and effects of amyloid 

Amyloid is deposited extracellularly, and first 
appears in the walls of small vessels, both arter- 
ial and venous, in relation to the basement 
membrane of capillaries and vascular sinusoids, 
and also of epithelial structures, e.g. the renal 
tubular basement membrane. 

When present in small amounts, amyloid has 
little effect on the organs, with the exception of 
the kidneys in which quite early glomerular 
deposition may result in proteinuria (see 
below). Involved small vessels tend to be sus- 
ceptible to trauma and to bleed readily, giving 
rise to petechial haemorrhages. 

In greater amounts, amyloid causes enlarge- 
ment of the organs and imparts to them a firm 
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rubbery consistency and a slightly translucent, 
waxy appearance. The major features of in- 
volvement of the individual organs are as fol- 
lows. 

Amyloid produces effects by pressure on 
adjacent cells and by interfering with the 
normal transfer of water and solutes across the 
walls of affected small blood vessels. 

The liver is firm and elastic and may be palp- 
able during life. Amyloid appears to be de- 
posited first in the space of Disse (between the 
sinusoidal endothelium and the hepatocytes) 
and as it increases forms a continuous network 
between the sinusoids and columns of liver 
cells. The change usually begins in the sinusoids 
of the intermediate zones of the lobules: it may 
become very extensive and produce marked 
atrophy of the liver cells (Fig. 10.4). Even at an 
advanced stage, liver function is not usually 
severely impaired. 



Fig. 10.4 Amyloidosis of the liver. The pale homo- 
geneous amyloid substance extends around the walls 
of the sinusoids, enclosing the columns of liver cells, 
which are undergoing atrophy. The zone around the 
central vein ( top right) is least affected, x 115 . 



Fig. 10.5 Amyloid spleen of ‘sago’ type, i.e. affect- 
ing the Malpighian bodies. 


The spleen shows two distinct patterns of 
involvement. In one the Malpighian bodies are 
changed to translucent globules by amyloid 
deposition in their reticulum (Fig. 10.5); hence 
the term ‘ sago splee n’. In this form splenome- 
galy is not marked. In the diffuse form, the 
change affects reticulum of the red pulp, walls 
of venous sinuses, and many of the small 
arteries; the spleen may be palpable and weigh 
up to 1 kg. The explanation of the two dis- 
tributions is not known. 

Amyloidosis of the kidneys is particularly 
important because of its effect on renal func- 
tion. Deposition occurs upon the basement 
membranes of the tubules and in the walls of 
arterioles (Fig. 10.3) and venules, but the most 
important site is in relation to the glomerular 
capillary basement membrane (Figs. 10.2, 22.49 
and 22.50, p. 842): amyloid is deposited in- 
itially on the endothelial side of the basement 
membrane, but extends through it to accumul- 
ate also on the epithelial side. The glomerular 
capillaries are rendered abnormally permeable 
to macromolecules, with consequent heavy pro- 
teinuria and nephrotic syndrome (p. 256). 

Eventually many of the glomerular capil- 
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laries are obliterated, the kidneys become 
scarred and shrunken and chronic renal failure 
develops. 

In the stomach and intestines, amyloid de- 
posits may be widespread and this leads to 
atrophic changes in the mucosa. Diarrhoea 
may result from severe involvement of the gut, 
but even in its absence amyloid material is 
often demonstrable in rectal biopsy material, 
providing a useful diagnostic measure. Gingival 
biopsy is also useful, although less often diag- 
nostic than rectal biopsy. 

Other organs. Deposits of amyloid may also 
be found in the adrenals, heart, thyroid, skin 
and lymph nodes, and indeed in almost any 
tissue. 

In the heart, it is deposited subendocardially 
and irregularly between myocardial fibres. 
Even when it has caused heart failure, there 
may be nothing to suggest its presence on 
naked-eye examination, but sometimes the ven- 
tricular myocardium is thickened and firm. 

Classification of amyloidosis 

Amyloidosis has been classified in several ways, 
none of which is entirely satisfactory. This is 
largely because, whichever method of classifica- 
tion is used, there is considerable overlap in the 
features which distinguish the different types, 
and while general rules can be applied, many 
exceptions are encountered. It seems at present 
more appropriate to distinguish between the 
two major types of amyloid material now 
known to exist, and also between generalised 
and localised amyloidosis. Lastly, the familial 
forms of amyloidosis are sufficiently distinctive 
to place in a separate group. 

The two forms of amyloid material will be 
discussed later. Suffice it to say now that one 
form may be derived from a plasma protein but 
its real nature is uncertain and it is best termed 
AUO ( amyloid of unknown origin)', the other 
form is derived from the light chains of im- 
munoglobulin and is conveniently termed AIO 
(i amyloid of immunoglobulin origin). 

Amyloidosis due to AUO. This is the classical 
form of secondary amyloidosis and develops in 
diseases, characterised by chronic destructive 
• i inflammat ory lesions and in certain forms of 
’ tsanefer. It is a common complication of 
UifecutoaSi > lepromatous leprosy, syphilis, 


chronic bacterial osteitis, bronchiectasis and 
chronic suppurative pyelonephritis. These con- 
ditions have become amenable to treatment, 
and are less commonly seen as causes of amy- 
loidosis in developed countries. Amyloid of 
unknown origin is also seen as a complication 
of rheumatoid and other forms of chronic arth- 
ritis, in which it can be detected at necropsy in 
about 20 per cent of cases, in Hodgkin’s disease 
(a neoplastic condition, probably of macro- 
phages), and occasionally in chronic ulcerative 
conditions of the skin (e.g. bedsores) or of the 
intestine (e.g. Crohn’s disease), systemic lupus 
erythematosus and carcinomas. 

The amyloid material is deposited most often 
and in greater amount in the liver, spleen, kid- 
neys and adrenals, but has a wide distribution 
and some degree of involvement of the ali- 
mentary tract and lymph nodes is common. 
The major cause of death is renal failure. 

Amyloid of unknown origin is usually typical 
in its staining reactions, being readily de- 
monstrated by the methods outlined above. 

Amyloidosis due to AIO. This occurs in ap- 
proximately 15 per cent of patients with mul- 
tiple myeloma (a neoplasm of the bone marrow 
of plasma cell type), in which the amyloid is 
almost certainly derived from light chains sec- 
reted by the neoplastic plasma cells; it may also 
complicate other neoplastic conditions of 
plasma cell type. It also occurs as a primary 
condition, almost always in old people: in some 
such cases, there is evidence of a latent form of 
plasma cell neoplasia, but in others no pre- 
disposing cause can be found. Typically, the 
distribution differs from that of AUO amy- 
loidosis, the tissues severely affected being, in 
order of frequency, the heart, alimentary tract 
(including the tongue), skin, skeletal muscles, 
spleen, kidneys, liver and lungs. Death com- 
monly results from myocardial failure, often 
with arrhythmias. Careful microscopic examin- 
ation of necropsy material reveals minor degrees 
of this form of amyloidosis in a small percen- 
tage of old people dying from various causes. 

Amyloid of immunoglobulin origin is often 
atypical in its staining reactions, and when 
present in small amounts it may be difficult to 
demonstrate convincingly. 

Localised amyloidosis, restricted to one organ 
or tissue, is relatively common in the larynx 
where it gives rise to small tumour-like 
nodules. It may be restricted to the skin, bron- 
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chi, lungs, heart or urinary bladder, and is a 
rare cause of enlargement of the thyroid. It 
occurs also in the pancreatic islets in many dia- 
betics, and as a feature of certain tumours, e.g. 
medullary thyroid cancer, islet cell pancreatic 
tumours and phaeochromocytomas of the ad- 
renal medulla. 

Genetically-determined amyloidosis. Several fami- 
lial forms of amyloidosis have been described. The 
best known are familial mediterranean fever and pri- 
mary familial amyloidosis. 

Familial mediterranean fever is found principally in 
Mediterranean Jews and Armenians and is inherited 
as an autosomal recessive disease. In its most typical 
form, recurrent fever is associated with pain in chest, 
abdomen, joints and skin; amyloidosis supervenes', 
causing death by renal involvement, but affecting 
also the spleen, lungs and liver. Variants of the 
disease are recognised in which the amyloidosis 
becomes apparent before the other features. 

Primary familial amyloidosis. This is least rare in 
parts of Portugal and is inherited as an autosomal 
dominant. The disease presents in the 3rd and 4th 
decades with increasing leg weakness and loss of 
reflexes. Subsequently sphincteric disturbances and 
malabsorption from intestinal involvement lead to 
death within 10 years. 

Many other rare syndromes have been described 
in individual families, each with a particular dis- 
tribution of amyloid deposition. 

The nature and aetiology of amyloidosis 

The essential constituent of amyloid is the pro- 
tein which forms the fibrils seen on electron 
microscopy. Investigation of AIO, including 
amino-acid sequencing and immunological 
analysis, has shown it to have a molecular 
weight of 5000 to 18 000 and to consist of 
the N-terminal parts of immunoglobulin light 
chains. In any particular case, the amyloid is of 
either X or, less commonly, of k type (p. 106) 
and amino-acid sequencing indicates homo- 
geneity of the polypeptide chains, which is 
strong evidence that it is produced by a clone of 
plasma cells. Amyloid from different patients 
shows differences in its amino-acid sequences. 
It is significant that nearly all patients with 
multiple myeloma complicated by amyloid have 
free light chains in their plasma and urine, and 
that partial proteolytic digestion of light chains 
in vitro produces a breakdown product which 
assumes the structure of amyloid filaments. 

Analysis of AUO has shown it to be homo- 


geneous in each individual case, but there is dis- 
agreement on whether it too consists of a part 
of the immunoglobulin molecule. On balance, 
this appears to be unlikely, and antibodies to 
AUO have been reported to cross react with a 
trace protein present in the plasma, the con- 
centration of which increases in old age. It may 
be that AUO is a breakdown product of this. 

A characteristic feature of amyloid, revealed 
by x-ray diffraction analysis, is that the poly- 
peptide molecules have a /J-pleated configura- 
tion, which is unusual for mammalian polypep- 
tides, and may explain its chemically inert 
nature, insolubility and poor antigenicity. It is 
of interest that, on enzymic digestion, a number 
of polypeptides, including insulin, glucagon and 
calcitonin yield fragments which can assume 
this configuration and adopt a fibrillar struc- 
ture resembling amyloid. It may be that the 
polypeptide hormones are the source of the 
amyloid forming in pancreatic islets, islet-cell 
tumours and medullary cancer of the thyroid 
(which secretes calcitonin). In general, however, 
the sites of early deposition of amyloid suggest 
that it is derived from a constituent of the 
plasma which escapes from small vessels and is 
possibly converted to amyloid by the digestive 
enzymes of phagocytic cells. 

Minor components of amyloid include a 
second protein (‘P’) which constitutes about 5 
per cent of both major types of amyloid. It is 
readily soluble and is removed from amyloid 
during processing of tissue; in vitro it forms 
pentamers with a ring-like structure which 
become stacked (like red cells in rouleaux) to 
form rods with periodic cross-marking. It was 
suggested recently that P protein is a constitu- 
ent of the first component of complement but 
this now seems doubtful. Amyloid also con- 
tains mucopolysaccharides, lipoproteins and 
fibrin in trace amounts, but it is likely that 
these have either been trapped by amyloid as 
it is deposited or are plasma constituents which 
have permeated it. 

Amyloid is readily induced in animals by 
prolonged antigenic stimulation or oral 
administration of casein, and its deposition 
is enhanced by thymectomy and by im- 
munosuppressive agents. Although human 
amyloid is associated with conditions which 
involve the immunity system, there is no 
common immunological disturbance: for ex- 
ample, in lepromatous leprosy cell-mediated 
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immuni ty is depressed, whereas in tuberculosis There is some evidence that amyloid may be 
it is normal or enhanced. This does not accord resorbed following effective treatment of the 
with the suggestion that amyloidosis results causal disease, but renal amyloid is persistent 
from T-cell depression and B-cell stimulation and steroid therapy has not, in general, proved 
(Scheinberg and Cathcart, 1976). beneficial. 

Hyaline and Fibrinoid Changes 

The term hyalin* is applied to material of material and its pathological associations are 


homogeneous, refractile, usually eosinophilic 
appearance seen on microscopy of stained tissue 
sections. It is purely descriptive, and many 
different formed tissue elements, as well as cell 
cytoplasm, may assume a hyaline appearance. 
In most instance the chemical basis of hyaline 
change is not known, although fibrin and amy- 
loid both have a hyaline appearance. The coll- 
agen and background material of old dense 
fibrous tissue and the walls of aged blood ves- 
sels are often hyaline and because of its asso- 
ciation with age this is often called hyaline de- 
generation. In the kidney and other organs, the 
walls of arterioles usually become thickened 
and hyaline in arterial hypertension (Fig. 22.6, 
p. 810), and glomeruli injured by chronic isch- 
aemia became converted to hyaline balls (Fig. 
22.7, p. 810). These changes occur also in dia- 
betic nephropathy, and are believed to be due 
to accumulation of substances leaking out from 
the blood — plasmatic vasculosis (see below). 
There are many conditions in which abnormal 
amounts of plasma proteins leak into the glo- 
merular filtrate; part of the protein is resorbed 
by the tubular epithelium where it is seen as 
eosinophil refractile droplets (Fig. 22.25, p. 
824) commonly termed hyaline droplets. Protein 
may also coagulate in the tubular lumen and is 
then secreted in the urine as cylindrical ‘‘hyaline 
casts’. In virus hepatitis, damaged liver cells 
may appear hyaline (Fig. 20.14, p. 674) and 
‘ Mallory’s hyalin’ appears in the hepatocyte 
cytoplasm in alcoholic and certain other forms 
of liver cell injury. In Cushing’s syndrome, hya- 
line material is seen in the basophil cells of the 
pituitary ( CrQoke's hyaline change — Fig. 26.4, 
p. 1011). Necrotic tissue, e.g. myocardium, and 
fused platelets in thrombi (Fig. 9.14, p. 237) 
may also appear hyaline. 

These examples serve to show that hyaline 

,, fee Greek 'hypos’, meaning' glass 


widely heterogeneous. It is nevertheless some- 
times of diagnostic value, as will be seen from 
the many examples which crop up in the sys- 
tematic chapters. 

A second term, fibrinoid change, has long 
been used to describe impregnation of tissues 
with hyaline material which is brightly eosino- 
philic and has other staining properties similar 
to those of fibrin. The term became popular in 
the 1940s when fibrinoid change (incorrectly 
regarded as diagnostic of hypersensitivity reac- 
tions) was noted to be a common feature of the 
so-called collagen or connective-tissue diseases. 
More recently, immunofluorescence staining, 
and to a lesser extent electron microscopy, have 
provided more specific techniques for identify- 
ing fibrin in tissue sections, and have shown 
fibrin to be present in some, but not all, ‘fib- 
rinoid’ lesions: in some instances the eosino- 
philic hyalin is due to ground-substance muco- 
polysaccharides; in others its nature remains 
unknown. 

Deposition of fibrin in the tissues results 
from vascular exudation of fibrinogen, which is 
converted to fibrin by the action of tissue 
thromboplastin. If the injury causing the ex- 
udation is severe, there may also be death of 
tissue cells, and the changes are then tradi- 
tionally known as fibrinoid necrosis. Examples 
of this are seen in many acute inflammatory 
lesions including the Arthus reaction (Fig. 
14.28, p. 381), in some infarcts (in which 
plasma exudes from the ischaemic blood ves- 
sels) (Figs. 2.3, p. 10 and 2.5, p. 11), in the arte- 
riolar lessions of malignant hypertension (Fig. 
14.18, p. 374) and in the necrotic base of peptic 
ulcers. Fibrin is detectable in some fibrinoid 
lesions of the connective-tissue diseases, e.g. in 
some examples of the subcutaneous nodules of 
rheumatoid arthritis (Fig. 23.53a, p. 918). 
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Deposited fibrin is usually removed by the 
action of plasmin or by phagocytic cells. It has, 
however, been demonstrated in slowly develop- 
ing, permanent hyaline changes in the walls of 
arterioles and glomeruli in plasmatic vasculosis 
and this supports the view of Lendrum (1969) 
and others that such hyaline change results 
from an exudative process (see also p. 809). 

Corpora amylacea. Under this term are included a 
number of rounded or oval hyaline structures, which 
may stain deeply with iodine, hence the name. They 
sometimes show concentric lamination and may 
undergo calcification. Such structures form in vari- 
ous situations and they cannot be regarded as all of 


the same nature. They are often a prominent feature 
within the acini of the prostate in the elderly; they 
occur also in the lungs, in old blood clots, and some- 
times in tumours. 

In the nervous system they are very common; e.g. 
in old age, in chronic degenerative lesions, and in the 
region of old infarcts and haemorrhages. They vary 
greatly in size, the smallest being spherical and homo- 
geneous, and these usually stain deeply with haem- 
atoxylin. They appear to form simply by a deposi- 
tion, in the intercellular spaces, of organic material 
containing acid mucopolysaccharides in globular 
form, but their exact composition is not known. 
They are of no importance except as a manifestation 
of the degenerative condition with which they are 
associated. 


Mucins and Myxomatous Change 


Mucins consist of complexes of proteins with 
carbohydrates and mucopolysaccharides. They 
are characterised by their slimy nature and his- 
tologically by their affinity for basic dyes and 
metachromasia with thiazine dyes such as tolui- 
dine blue. Most mucins are precipitated by 
acetic acid. 

Mucins are secreted by various glandular 
epithelia and also by fibroblasts, osteoblasts 
and chondroblasts as important constituents of 
the ground substance of the various connective 
tissues. Both epithelial and connective tissue 
mucins are mixtures of glycoproteins, which are 
rich in hexose polymers and are stained pink in 
the PAS method, and mucoproteins in which 
the mucopolysaccharide is rich in hexosamines 
and which stain metachromatically with tolui- 
dine blue at low pH. 

Disturbances of epithelial mucin secretion are 

not of much pathological importance except in 
fibrocystic disease of the pancreas (p. 721) in 
which an abnormality of mucus secretion 
occurs in the glands of the intestine, pancreas, 
bile ducts, bronchi and sweat glands. The thick 
mucin secreted obstructs the ducts, with sub- 
sequent gland atrophy and loss of function. 

Obstruction of the ducts of small mucus- 
secreting glands, e.g. in the mouth, results in 
the development of mucin-filled cysts, and ob- 
struction of the cystic duct may result in disten- 
sion of the gallbladder with mucin — the so- 
called mucocele (Fig. 20.67, p. 711). Chronic 
irritation of a mucous membrane may result in 


increase in the number and activity of mucin- 
secreting cells, as in chronic bronchitis in which 
there is abundant mucous sputum. Some epith- 
elial tumours secrete mucin, and its detection in 
relation to tumour cells is sometimes of help in 
determining the origin of the tumour. 

The mucopolysaccharides of connective tissue 
mucins include hyaluronic acid, chondroitin, 
chondroitin sulphates and other sulphated com- 
pounds. They form the ground substances of fib- 
rous tissue, cartilage and bone, and also joint 
fluid. In the soft tissues, the ground substance 
is largely in the form of a gel, but in acute in- 
flammatory lesions the mucopolysaccharides 
are depolymerised, with conversion mainly to a 
fluid phase, which is more readily permeable to 
exudate and cells of the inflammatory reaction. 
Some bacteria also secrete hyaluronidase and 
other enzymes which may facilitate their spread 
in the tissues. 

Some connective tissue tumours secrete 
abundant mucin, which appears as a basophilic 
stroma; they are called myxomas (Fig. 13.6, p. 
343) and an increase in mucoid ground sub- 
stance of connective tissue, so that it comes 
to resemble myxoid tissue of the fetus and 
umbilical cord, is termed myxomatous or 
myxoid change. It occurs in the aortic media in 
Erdheim’s medial degeneration (Fig. 14.34, p. 
386), and also, together with similar changes in 
other connective tissues, in Marfan’s syndrome'. 
in both conditions the inner part of the weak- 
ened aortic wall may rupture and blood may 
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track along the media (dissecting aneurysm). 
Myxomatous change is also seen in the valve 
cusps of the heart and sometimes results in 
stretching and incompetence of the valves. 

Production of ground substance is influenced 
by hormones; there is a generalised increase, 
for example, in hypothyroidism giving rise to 
the term myxoedema: the bloated appearance 
of the face is due to myxomatous change in the 
dermis, and the croaky voice is due to the same 
change in the larynx. Curiously, myxomatous 
change is seen in the pre-tibial region in some 
cases of thyrotoxicosis (hyperthyroidism). 


There are also a number of defects of 
mucopolysaccharide metabolism — the muco- 
polysaccharidoses — which are inherited as Men- 
delian recessive characters. Excess mucopoly- 
saccharides accumulate in various types of 
cell, and are excreted in the urine. The condi- 
tions are distinguished by the chemical nature 
and distribution of the material. The best 
known example is Hurler’s syndrome or gar- 
goylism , the major features of which include 
dwarfism, skeletal deformities, a characteristic 
facies, mental deficiency, corneal opacities 
and hepatomegaly. 


Melanin Pigmentation 


The melanins are iron-free sulphur-containing pig- 
ments varying in colour from pale yellow to deep 
brown. They are formed intracellularly from colour- 
less precursors — melanogens— and are very stable 
substances, resistant to acids and many other re- 
agents, but soluble in strong alkalis; they can be 
bleached by powerful oxidising agents such as potas- 
sium permanganate or hydrogen peroxide. They are 
related to the aromatic compounds, tyrosine, phenyl- 
alanine and tryptophane and may be formed from 
such substances by oxidation. On treating sections of 
skin with dihydroxyphenylalanine (dopa), ‘dopa- 
positive’ cells in the epidermis oxidise this substance 
by means of an enzyme like tyrosinase and become 
blackened in consequence. The only cells in the skin 
which are 'dopa-positive’ in vivo are the dendritic 
cells , or melanocytes , which lie extended between the 
basal cells of the epidermis (Fig. 10.6); they are the 
only melanin-producing cells in the skin and fine 
granules of melanin in their dendrites are taken up 
by pinocytosis of the tips of the dendrites, into adja- 
cent epidermal cells and also into certain phagocytic 
cells ( melanophores ) in the dermis which may thus 
become heavily laden with coarse pigment granules. 
Melanin granules possess the capacity to reduce cer- 
tain silver salts, e.g. ammoniacal silver nitrate, with 
consequent deposition of metallic silver; melanin can 
thus be blackened in histological preparations, 
scanty or light-coloured granules being rendered 
conspicuous. This property is widely used histo- 
chemically. It is now known that the dendritic cells 
are of neuro-ectodermal origin, being derived from 
the pells of the embryonic neural crest, as are also 
the melanocytes of the squamous mucous mem- 
branes, the meninges, choroid and adrenals. This 
harmonises well with the evidence about the 
';<# iww eells of pigmented moles from 
//i also accords with the 



Fig. 10.6 Dendritic cells (melanocytes) in the basal 
part of the epidermis. (Dopa reaction.) x 220. 


experimental work of Billingham and Medawar on 
the behaviour of melanocytes in skin autotrans- 
plants. This work seems to have rendered untenable 
the alternative view that melanocytes are modified 
basal epidermal cells. The Langerhans cells of the 
epidermis are now regarded as macrophages and 
may play a part in the control of keratinisation. 
Darkening of the skin on exposure to ultraviolet 
radiation is brought about first by migration of the 
melanin granules and subsequent darkening of their 
colour; later there is increased formation of pigment, 



apparently by the activity of the dendritic cells, which 
under further stimulation may increase in number. 

In Addison’s disease, which results from de- 
struction of the adrenal cortex (p. 1044), there 
occurs a general increase in melanin pigmenta- 
tion of the skin, especially in areas exposed to 
light and in areas normally pigmented. There 
may also be pigmentary deposition on the inner 
surface of the cheeks on a line corresponding to 
the junction of the teeth, and on the sides of the 
tongue, the position being apparently de- 
termined by irritation. In the skin the pigment 
is in the form of very fine brownish granules in 
the deeper layers of the rete Malpighii, and is 
present also as coarser granules, chiefly within 
macrophages in the underlying cutis, the ap- 
pearance and distribution resembling those in 
the negro skin. The pigmentation in Addison’s 
disease represents an increase of normal pig- 
ment, and occurs under the influence of the 
melanocyte-stimulating hormone of the pitui- 
tary (MSH) which is released in excess in the 
absence of adrenal inhibition (p. 1044). 

Chloasma is a condition observed principally 
during pregnancy, and occasionally in associa- 
tion with ovarian disease, in which pigmented 
patches occur in the skin of the face, and the 
pigmented parts, e.g. the nipples, may become 
darker under the influence of oestrogenic and 
melanocyte-stimulating hormones. A similar 
condition has been described in women taking 
oral contraceptives. 

Leukoderma (vitiligo) denotes patchy depig- 
mentation of skin and this may be accom- 
panied by increase of pigment in the interven- 
ing areas. In the affected areas the dendritic 
cells are of abnormal structure and have lost 
their capacity to oxidise dopa to form pigment. 

Irregular pigmentation of the skin is common 
in chronic arsenical poisoning and in neuro- 
fibromatosis. In haemochromatosis also, the 
colour of the skin is due partly to deposition of 
haemosiderin in the cutis, notably around the 
sweat glands (p. 282), but also to increase in 
melanin. A striking degree of melanotic pig- 
mentation of the oral and labial mucosa occurs 
in association with familial multiple polyposis 
of the small intestine, especially the jejunum 
(Peutz-Jeghers syndrome): the disorder is trans- 
mitted as a Mendelian dominant. The control 
of pigment metabolism in the skin is obscure, 
but it is known to be affected by exposure to 
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light, chronic irritation and increased vascular- 
ity, activity of endocrine glands including the 
adrenals, pituitary and ovaries, and nervous 
influences. 

Pigmented tumours. Melanin pigment is 
formed in large amount in the melanotic tum- 
ours which arise in the skin and in the pig- 
mented coats of the eye, and most analyses have 
been carried out on the pigment from such 
tumours. The urine of patients suffering from 
extensive melanotic tumours occasionally con- 
tains a melanogen which darkens on exposure 
to the oxygen of the air. 

Melanosis coli. This is a rather uncommon condi- 
tion characterised by varying degrees of brownish to 
black pigmentation of the mucosa of the colon, be- 
ginning in the caecum and ascending colon, and 
sometimes extending to the anus. The pigment is 
contained mainly in macrophages in the lamina pro- 
pria; it is absent from the epithelial cells. The condi- 
tion is commonest when there has been intestinal 
stasis or chronic obstruction, and it is now re- 
cognised to be the result of absorption of aromatic 
products from the gut. This is commonly associated 
with the prolonged use of anthracene-derived pur- 
gatives, e.g. cascara, and the pigment consists of de- 
rivatives of anthraquinone combined with products 
of protein decomposition. The pigment resembles 
melanin in its reactions, but differs from it in being 
autofluorescent, weakly PAS-positive, and weakly 
sudanophilic. The cells containing pigment are dopa- 
negative. 

Ochronosis. In this very rare condition, cartilages, 
capsules of joints and other soft tissues assume a 
dark brown or almost black colour, owing to pig- 
ment deposition. The pigment resembles melanin in 
some of its properties but does not reduce silver 
nitrate. In virtually all cases of ochronosis, alkap- 
tonuria is present, a condition in which homogentisic 
acid (2,5-hydroxyphenylacetic acid) is excreted by 
the kidneys and causes the urine to blacken on 
standing owing to oxidation, especially alkaline 
urine. Homogentisic acid is formed from tyrosine 
and phenylalanine. Normally it is converted to malyl- 
acetoacetic acid by homogentisic acid oxidase in the 
liver and kidneys, but alkaptonurics lack this 
enzyme, and consequently homogentisic add is not 
metabolised normally, but is oxidised into pigment 
and deposited in the tissues, producing ochronosis. 
The metabolic defect in alkaptonuria is inherited as 
an autosomal recessive character. In the early days 
of antiseptic surgery ochronosis occasionally fol- 
lowed the use of carbolic dressings for a long time, 
and the pigment is believed to be formed from the 
absorbed carbolic add. This has been called exogen- 
ous ochronosis. 
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Pigments Derived from Haemoglobin 


At the end of their life span, red cells are 
taken up by macrophages in the spleen, 
marrow, etc. Intracellular breakdown of haemo- 
globin (Hb) begins with opening of the porphyrin 
system of haem, the four pyrrole nuclei and globin 
now forming a long-chain molecule (chole- 
globin). The globin and iron are then split off and 
the residual biliverdin pigment, consisting of four 
pyrrole rings, is reduced to bilirubin and passes 
into the plasma where it is bound mainly to 
albumin. The bilirubin is taken up by the hepa- 
tocytes, dissociated from the protein, and is 
conjugated with glucuronic acid and excreted 
as bilirubin glucuronides in the bile. The iron 
which is split off from haem is stored mainly as 
ferritin and haemosiderin and re-used. 

Breakdown products of Hb may accumulate 
in the body in the following circumstances: (a) 
local deposition results from haemorrhage into 
the tissues; ( b ) more generalised accumulation 
of bilirubin occurs when there is excessive red 
cell destruction, i.e. in haemolytic anaemias; (c) 
increase in bilirubin or its glucuronides occurs 
when there is some defect in the metabolic or 
excretory pathways by which the iron-free part 
of haem is delivered into the intestine as bili- 
rubin glucuronide; (d) accumulation of iron- 
containing compounds occurs when the 
amount of iron entering the body exceeds sig- 
nificantly the small amount which is lost phy- 
siologically. The effects of these abnormalities 
are described below. 

Local accumulation of pigments 

When haemorrhage into tissues occurs, many 
of the red cells in the escaped blood undergo 
lysis; their Hb diffuses away and is taken up 
and catabolised in macrophages in the draining 
lymph nodes, spleen, etc. However, some of the 
red cells are phagocytosed locally by macro- 
phages derived from monocytes which migrate 
ipto the lesion and bilirubin and iron com- 
pounds are produced as described above: this 
process is illustrated experimentally in Figs. 

und ,10.8: in man it is reflected in the 
changing colours of a ‘black eye’ or any other 
swperfidal bruise. Most of the bilirubin diffuses 
'.^say-'and'is, eventually dealt with by the liver, 
:;:|Wt'Seme of it may persist locally in crystalline 



Fig. 10.7 Macrophages containing red cells in pha- 
gocytic vacuoles. From the subcutaneous tissue of a 
mouse six days after an injection of red cells, x 1200. 



Fig. 10.8 Intracellular formation of bilirubin crys- 
tals in macrophages of mouse, 16 days after injec- 
tion of haemoglobin. x 1200. (From preparations by 
the late Dr. Janet S. F. Niven.) 

form around an old haemorrhage, particularly 
in the brain (Fig. 10.9): this may be due to the 
absence of lymphatics in brain tissue. Some of 
the iron released may also be retained locally as 
the pigment haemosiderin (see below), either 
within macrophages or as an incrustation of 
collagen and other tissue components. 

Localised accumulation of haemosiderin may 
occur in the lungs as a result of haemorrhages 
in pulmonary venous congestion, e.g. in mitral 
stenosis (Fig. 10.10) and also in idiopathic pul- 
monary haemosiderosis where it is accompanied 
by fibrosis. Haemosiderin deposition also 
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Fig. 10.9 Crystals of bilirubin and granular pig- 
ment, some of which is in phagocytes, at the site of 
an old cerebral haemorrhage, x 500. 


occurs in the renal tubular epithelium when in- 
travascular haemolysis results in release into 
the plasma of haemoglobin, which leaks into 
the glomerular filtrate and is taken up 'by the 
tubular cells (p. 525). 

Bile pigments 

A rise in the level of bilirubin in the plasma re- 
sults from increased breakdown of red cells in 
the haemolytic anaemias, or from failure of the 
liver cells to remove and conjugate it with glu- 
curonic acid. Lesions of the liver or biliary tract 
which prevent excretion of bilirubin glucuronide 
result in its regurgitation into the plasma. 
When the levels of either compound exceed 2-3 
mg per 100 ml (35-50 /onol/1), jaundice de- 
velops, i.e. the skin, sclera and various other 



Fig. 10.10 The lung in mitral stenosis. Red cells 
escaping from the congested pulmonary capillaries 
are ingested by alveolar macrophages which became 
engorged with haemosiderin. The macrophages 
accumulate in the alveoli adjacent to respiratory 
bronchioles and are thus seen as aggregates. Prus- 
sian blue reaction, x 50. 

tissues become distinctly yellow. In adults, jaun- 
dice itself causes little disability, but in infants a 
rise of (unconjugated) bilirubin in the plasma to 
over 15 mg per 100 ml (250 /rniol/1) carries a 
risk of toxic brain injury. The types of jaundice 
and their causes and effects are, however, dealt 
with more fully in Chapter 19. 


Iron pigments 


About 70 per cent of the 3-4 g of iron in the 
body is incorporated in the haem of haemo- 
globin: 5 per cent is in myoglobin and small 
amounts are incorporated in cellular cyto- 
chrome, respiratory and metallo-flavo enzymes. 
The remainder (1—1-5 g) is mostly in storage 
form in macrophages of the spleen, bone 
marrow, etc. and in various tissue cells, but 
particularly hepatocytes. 


Iron absorption is by way of the epithelial 
cells lining the gut, mainly those of the villi of 
the duodenum and proximal jejunum, absorp- 
tion decreasing progressively more distally. 
Dietary iron consists of both haem (from meat 
and fish) which is absorbed as metalloporphy- 
rin, and non-haem iron which is absorbed 
mainly as ferrous salts, ferric salts being 
poorly absorbed. The cells of the villi probably 
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possess receptors for haem and for ferrous 
salts, both of which appear to be taken into the 
cells by endocytosis. The amounts of iron taken 
up by the epithelium depend mainly on two 
factors, the body’s total storage iron and the 
amount of available iron in the diet. The 
amount taken up is inversely proportional to the 
total storage iron in the body (Fig. 10.11) and 




IRON DEFICIENCY 




Fig. 10.11 The effect of the total iron store on 
absorption of dietary iron by intestinal epithelium. 
Only a fraction of the available dietary iron is nor- 
mally taken up by the epithelium (upper): the frac- 
tion taken up is increased when total storage iron is 
depleted (middle) and decreased when the iron store 
is increased (lower). Of the iron taken up by the epi- 
thelium, the proportion transferred to the plasma 
transferrin pool is similarly affected by the total iron 
store. 

directly proportional, within limits, to the 
amount available in the diet. It is not known 
how the storage iron influences absorption, but 
it seems likely that in iron deficiency states the 
number of iron receptors on the lining cells of 
the villi is increased. These observations apply 
to absorption of both haem iron and ferrous 
salts. Other dietary factors also influence iron 
For example, absorption of non- 
® oitied by -ascorbic acid, citric acid 


and amino acids, all of which form monomeric 
complexes with iron and prevent the formation 
of non-absorbable polymers. Gastric HC1 also 
favours absorption by preventing polymer for- 
mation and alcoholic drinks increase iron 
intake, possibly by stimulating gastric secretion 
but also because some drinks are rich in iron. 
Reduction of ferric to ferrous iron by ascorbic 
acid and other reducing agents also promotes 
absorption of non-haem iron. Formation of 
non-absorbable polymers is favoured by gastric 
achlorhydria and by the presence in the diet of 
certain compounds, e.g. phytate from cereals, 
tannates, calcium phosphate and ethy- 
lenediamine tetra-acetic acid (EDTA) used as a 
food preservative. These factors explain why 
iron deficiency is common among people living 
on a largely vegetable diet. Haem is a par- 
ticularly important source of iron because, al- 
though it represents only a small part of the 
total dietary iron, the proportion absorbed is 
relatively high: its absorption is favoured by 
amino acids and is not inhibited by dietary fac- 
tors (or achlorhydria) which inhibit absorption 
of non-haem iron. 

Within the mucosal epithelial cells, haem 
iron is broken down and forms a common pool 
with the absorbed non-haem iron. Part of this 
pool is bound to a transferrin-like protein and 
is rapidly transferred through the epithelial 
cells to enter the plasma. The remainder is in- 
corporated into intracellular ferritin (see 
below), much of which is lost when, within a 
few days, the cell exfoliates. The amount of epi- 
thelial-cell iron transferred to the plasma in- 
creases with the concentration of iron in the 
lumen of the gut, but the proportion transferred 
diminishes. Over a wide range of iron con- 
centrations in the lumen, the proportion of iron 
transferred is greater in subjects with iron de- 
ficiency, i.e. with depleted iron stores, and is 
diminished when the iron stores are large (Fig. 
10.11). How these factors influence the propor- 
tions of epithelial iron which bind to the trans- 
fer protein and to ferritin is not known. 

Iron loss amounts to approximately 1 mg 
daily, most of it in the form of ferritin in the 
epithelial cells desquamated from the skin (0-2- 
0-3 mg) and gut (0-6 mg). Only a small propor- 
tion is lost in the bile, sweat, etc., and some of 
that lost by gut epithelium has been absorbed 
from the lumen by the cells, and incorporated 
into ferritin; it has never really entered the 
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body’s iron pool. In women of reproductive 
age, menstruation accounts for an average loss 
of an additional 0-6 mg daily, although there is 
enormous individual variation. Pregnancy, child- 
birth and lactation represent a rather greater 
loss than this. 

From the above it will be apparent that iron 
balance depends largely on the control of absorp- 
tion from the gut: iron loss is small and subject 
to much less variation than is absorption. 

Plasma iron. The plasma of normal adults 
contains an average of about 120 pg of iron per 
dl, although the range is large. Over 95 per cent 
of this is in the form of transferrin, which con- 
sists of ferric iron bound to a specific transport 
protein, a /3-globulin termed apotransferrin. 
This possesses two binding sites for iron and is 
normally only about 30 per cent saturated in 
the plasma. Although transferrin makes up only 
a very small percentage of total body iron, it is 
very important, for it is the form in which iron is 
transferred from macrophages, parenchymal 
cells and intestinal epithelium to the ery- 
thropoietic cells. In fact, the plasma iron is pro- 
vided mainly by macrophages of the spleen, 
haemopoietic marrow, liver, etc., which break 
down red cells and synthesise apoferritin: these 
cells thus release transferrin, most of which is 
taken up by red cell precursors and used for 
haemoglobin synthesis. 

A small proportion of plasma iron is in the 
form of ferritin (see below) and this is of im- 
portance because its concentration reflects the 
size of the total iron store of the body. 

Haemoglobin synthesis. Red cell precursors 
have surface receptors for transferrin, which 
they take up avidly, probably by endocytosis. 
Uptake is proportional to the concentration in 
the plasma. Within the cell, iron is split off and 
used in haem synthesis, while the apo- 
transferrin is returned to the plasma. With in- 
creasing maturity, the number of transferrin 
receptors on the erythroid cell diminishes, the 
mature red cell having none. 

Storage iron. Iron is stored within cells in 
two forms, ferritin and haemosiderin. Most if 
not all cells synthesise apoferritins and store 
iron as ferritin, which consists of micelles of 
ferric oxide phosphate enclosed in a protein 
molecule which is water soluble. Ferritin is cap- 
able of incorporating approximately 5000 
atoms of iron per molecule, but it is never fully 
saturated and provides an immediate reserve 


iron storage capacity: it is not detectable by 
light microscopy but has a characteristic elec- 
tron-microscopic appearance. The amount of 
iron stored as ferritin is limited and normally 
most of the total iron is stored in more con- 
centrated form as haemosiderin. This is prob- 
ably formed from ferritin and has a ferric iron 
content of up to 40 per cent. It is insoluble and 
if present in large amount is seen micro- 
scopically as golden-yellow intracytoplasmic 
granules, while it imparts to the tissue a brown 
appearance to the naked eye. Haemosiderin 
gives the prussian blue reaction on treatment 
with hydrochloric acid and potassium ferrocy- 
anide, the intense blue colour being due to for- 
mation of ferri-ferrocyanide. 

Most of the stored iron is present in the form 
of haemosiderin in macrophages in the spleen, 
marrow, etc. In parenchymal cells, notably in 
the liver, iron is normally stored mainly as fer- 
ritin, although there may be sufficient haemo- 
siderin in the hepatocytes to give a faint Prus- 
sian blue reaction. Absence of microscopically 
detectable haemosiderin in the macrophages in 
smears or sections of haemopoietic marrow 
indicates depletion of the iron stores. In states 
of increased storage, the proportion of iron in 
the form of haemosiderin increases and in gross 
iron overload it may be present in enormous 
amounts, its distribution between macrophages 
and parenchymal cells depending on the cause 
of the iron overload (see below). 

In states of negative iron balance, iron is 
transferred from intracellular ferritin and hae- 
mosiderin to the plasma transferrin pool, most 
of it being provided by macrophages and hepa- 
tocytes, and anaemia does not develop until 
after the stores are depleted. 

Iron deficiency 

This is the commonest disturbance of iron meta- 
bolism. It results first in depletion of storage iron, 
secondly in anaemia, and lastly, and less cer- 
tainly, in fall of the cytochrome content of cells. 
Most of the important effects of iron deficiency 
are due to anaemia, and accordingly the subject is 
dealt with in relation to the blood in Chapter 17. 

Iron overload 

This can result either from absorption of ex- 
cessive amounts of iron from the gut or from 
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administration of parenteral iron, for example 
by multiple blood transfusions. 

The outstanding example of naturally 
occurring iron overload is provided by the dis- 
ease termed idiopathic haemochromatosis, in 
which storage occurs predominantly in the 
parenchymal cells of the internal organs where 
it has serious consequences. By contrast, when 
multiple transfusions are administered over a 
period of years to patients with aplastic an- 
aemia (due to marrow aplasia), iron accum- 
ulates mainly in macrophages, where it causes 
little injury. The effects of iron overload thus 
depend not so much on the amount of iron 
stored, as on its distribution between macro- 
phages and parenchymal cells. 

In iron overload due to excessive dietary iron 
or oral iron therapy, and in certain disorders of 
haemoglobin or red cell production, the dis- 
tribution of stored iron, as explained later, is 
more complex. 

States of increased iron storage are conveni- 
ently termed haemosiderosis or siderosis. 


Idiopathic haemochromatosis 

This is characterised by excessive absorption of 
dietary iron, probably from birth. The total 
iron of the body gradually increases until, by 
the age of 40 years or so, it may exceed 20 g 
instead of the normal 3—4 g. Erythropoiesis is 
normal and the excess of iron is stored as hae- 
mosiderin mainly in the parenchymal cells, par- 
ticularly in the liver (Fig. 10.12), pancreas and 
myocardium, but also in many other organs. 

The condition usually affects men, and the 
quantity of iron stored depends on the amount 
of available iron in the diet and is also in- 
creased by heavy alcohol consumption, which 
is common among affected individuals. Iron in 
excess has a cytotoxic effect: hepatocyte de- 
struction with accompanying fibrosis leads to 
cirrhosis, which is often the cause of presenting 
symptoms. The toxic effect on the myocardial 
cells commonly leads to congestive heart failure 
and cardiac arrhythmias, while heavy deposition 
in the pancreas results in cell loss and fibrosis. 
Over 50 per cent of patients develop diabetes, 
probably due to a combination of liver and 
Ktet-celi injury. The liver, pancreas, etc. appear 
brown to the naked eye and give an intense 
Miis6tan blue reaction. Microscopy shows 
wflvy deposition of haemosiderin in the 



Fig. 10.12 Needle biopsy of the liver in haemo- 
chromatosis. The excess iron is stored mainly as 
haemosiderin in the hepatocytes, and is seen as dark 
granules. Prussian blue reaction, x 150. 


parenchymal cells. Death of damaged cells re- 
sults in release of haemosiderin, which is there- 
fore seen also in the adjacent stroma and in 
macrophages in the affected organs and their 
draining lymph nodes. Apart from this, the 
amount of haemosiderin in macrophages in 
general, e.g. in the spleen and bone marrow, is 
not greatly increased. The gastric mucosal cells 
are rich in haemosiderin, but not the cells of 
the villi of the upper small intestine. The skin 
develops a bronzed appearance (hence the term 
bronzed diabetes) due to excess melanin produc- 
tion, which is unexplained; in some cases, how- 
ever, the skin appears more leaden owing to 
iron deposition, mainly in relation to the sweat 
glands. Other features include the polyarthritis 
of pseudo-gout, due to the formation in the 
joint tissues and spaces of calcium pyrophos- 
phate crystals; this may result from the in- 
hibitory effects of iron on pyrophosphatase. 
Hypogonadism, probably due to injury to the 
adenohypophysis, is common, and also vague 
neurological symptoms of unknown cause. 

Aetiology. The nature of the metabolic defect 
responsible for excessive iron absorption is 



unknown. The plasma transferrin is not in- 
creased but is fully saturated with iron (cf. 
normal 30 per cent saturation). Tests of iron 
absorption have given conflicting results, but if 
the iron stores are depleted by venesection etc., 
absorption can then be demonstrated to be in- 
creased. If the iron stores are allowed to re- 
accumulate, absorption falls, sometimes to 
normal. The inverse relationship between total 
iron store and absorption is thus maintained, 
but the proportion of dietary iron absorbed at all 
levels of iron storage is abnormally high: as 
noted by Bothwell et al. (1979) the ‘absorbo- 
stat’ is set too high. 

Although the nature of the defect is un- 
known, it appears that macrophages are incap- 
able of storing excess iron as haemosiderin, and 
that in consequence the plasma transferrin be- 
comes saturated and so excess iron is taken up 
by the parenchymal cells of the liver, etc. Be- 
cause transferrin is saturated, iron absorbed 
from the gut and transferred to the plasma may 
be transported by the portal circulation in a 
form which is readily taken up by the liver 
cells, thus explaining why the liver is particu- 
larly severely affected. 

Inheritance of haemochromatosis has been much 
debated. Occasionally it affects more than one 
member of a family, and investigation of the rel- 
atives of patients has shown that many of them, al- 
though apparently healthy, have a sub-clinical form 
of the disease with lesser degrees of increased iron 
storage, increased saturation of plasma transferrin, 
and sometimes liver injury short of cirrhosis. Such 
individuals are believed to be particularly prone to 
develop the clinical picture of haemochromatosis if 
their alcohol consumption is high. It has been sug- 
gested that the disease is inherited as a recessive 
character, the homozygous state resulting in overt 
haemochromatosis and the heterozygous state causing 
sub-clinical iron overload. In both the overt and sub- 
clinical disease, alcohol probably acts by its toxic 
effect on the liver and by increasing iron absorption. 

The importance of genetic factors is suggested also 
by the reported high incidence of HLA-A3 and B7 
antigens in patients, and by the occurrence of the 
sub-clinical form of the disease in siblings of iden- 
tical HLA types. The nature of genetic inheritance is, 
however, unlikely to be elucidated until a test for the 
defect in the presumed heterozygote becomes avail- 
able. 

Apart from treatment of heart failure, dia- 
betes etc., reduction of the excess iron store, for 
example by repeated phlebotomy and by limit- 
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ing the dietary iron, is the most effective form 
of therapy. 

Iron overload in anaemia 

Iron deficiency is a common cause of anaemia, 
but in certain types of anaemia due to other 
causes there may be greatly increased iron stor- 
age. For example, in aplastic anaemia, in which 
haemopoiesis fails and the marrow becomes 
hypocellular, life can be maintained only by 
regular blood transfusions and since each unit 
of blood contains 200-250 mg of iron, gross 
iron overload can develop over a number of 
years. In contrast to haemochromatosis, most 
of the iron accumulating as haemosiderin is 
stored in macrophages in the spleen, liver (Fig. 
10.13), marrow and elsewhere. There is some 
increase of iron in the hepatocytes; initially it is 
relatively slight, but later may increase as a result 
of redistribution of iron. 

The situation is different in patients in whom 
anaemia is due to defective red cell production 



Fig. 10.13 Needle biopsy of the liver in a case of 
haemosiderosis resulting from multiple blood trans- 
fusions. Haemosiderin is present in groups of en- 
larged Kupffer cells and macrophages in the portal 
areas. The patient suffered from chronic renal failure 
and had been maintained on haemodialysis, x 150. 
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in spite of hyperplasia of the erythropoietic 
tissue, i.e. in which there is ‘ ineffective ery- 
thropoiesis' . A good example is provided by 
thalassaemia major (p. 524) in which there is 
defective haemoglobin synthesis, and in the 
familial form of sideroblastic anaemia (p. 540) 
in which incorporation of iron into haemo- 
globin is defective. In such conditions, im- 
mature erythroid cells are destroyed in the 
marrow. In some unknown manner, increased 
but ineffective erythropoiesis increases iron 
absorption and thus causes overload, which, as 
in haemochromatosis, results in deposition in 
parenchymal cells. If the condition is inherited 
and so present from birth onwards, a picture 
similar to haemochromatosis may develop. 

In anaemia with increased but effective ery- 
thropoiesis, e.g. chronic haemolytic anaemia, in 
which circulating red cells are destroyed abnor- 
mally rapidly, and in which compensatory in- 
crease in erythropoiesis occurs, there is little or 
no increase in iron absorption and overloading 
does not usually occur unless multiple transfu- 
sions are administered. 

Dietary iron overload 

It is rare for serious iron overload to occur 
from increased iron intake in the diet, partly 
because in most diets with a high iron content 
much of the iron is in unavailable form, and 
partly because any increase in iron stores in- 
hibits absorption of dietary iron. There is, how- 
ever, one outstanding example of overload re- 
sulting from dietary factors, and that is in 
South Africans of the Bantu tribe. Their intake 
of iron is very high, partly because iron pots 
are used in cooking, but mainly from drinking 
beer brewed in iron containers. Because of its low 
pH, the brew dissolves iron and as much as 50- 
100 mg of iron may be ingested daily in a few 
litres of the (rather weak) beer. The distribu- 
tion of iron varies: in many cases, however, it 
accumulates both in macrophages and in the 
parenchymal cells in the liver and sometimes 
other organs, and the picture of haemochrom- 
atosis with hepatic cirrhosis and sometimes dia- 
betes may develop. In such cases, the degree of 


liver injury has been shown to correlate partly 
with the amount of iron in the hepatocytes. A 
striking difference from haemochromatosis is 
the deposition of haemosiderin in the lamina 
propria of the villi of the proximal small in- 
testine. In other individuals, storage of iron is 
predominantly in macrophages and without 
serious effects. It is not known why iron de- 
position is parenchymal in some and in macro- 
phages in others, but it has been reported that, 
in the former, there is a high degree of satura- 
tion of plasma transferrin. With the increasing 
use of commercially prepared beverages, the 
incidence of haemosiderosis in the Bantu has 
declined considerably. The alcohol in the beer 
also doubtless contributes to the hepatic injury 
and in some cases the picture is that of alco- 
holic cirrhosis with excess of iron deposition. 

The risk of serious iron overload from pro- 
longed taking of medicinal iron by mouth ap- 
pears to be slight, for although there are re- 
ports of haemochromatosis developing, in 
many other cases the iron stores do not appear 
to have been very greatly increased. Acute iron 
poisoning can, however, result from gross over- 
dosage with iron. 


Malarial pigmentation 

In malaria the parasites within the red cells 
produce from the haemoglobin a dark brown 
pigment, haematin, in the form of very minute 
granules, which accumulates within the para- 
sites. When the adult divides into young forms 
(merozoites), the red cell disintegrates and the 
pigment is released to be taken up by monocytes 
(Figs. 17.22, 17.24, p. 529) and by macrophages, 
especially in the spleen, liver and haemopoietic 
marrow, where it remains practically unchanged 
for many years. In chronic malaria these tissues 
appear dark brown. Malaria pigment does not 
give the prussian blue reaction and resembles 
closely the artefact pigment derived from forma- 
lin acting on blood. When there is much blood 
destruction, especially in severe cases of malaria, 
haemosiderin may be deposited in the organs in 
addition to the malarial pigment. 
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Lipofuscin: Age Pigment 


In the later years of life a fine brownish-yellow 
pigment tends to appear in the heart muscle, 
smooth muscle, etc.; and in wasting diseases 
this accumulation of pigment is more marked. In 
some cases of malabsorption syndrome, for ex- 
ample due to coeliac disease, it is present in the 
smooth muscle of the small intestine and oeso- 
phagus, and in smaller amounts in that of the 
stomach and colon: experimental studies suggest 
that vitamin E deficiency may be responsible. 

In the heart muscle the pigment accumulates 
in the central part of the cells around the poles 
of the nucleus, and when this is associated with 
wasting of the muscle, the term brown atrophy 
is applied. Similar pigment may occur in the 
liver cells, especially in the central parts of the 
lobules, in the cells of the testis, and in the 
nerve cells of the cortex of the brain. Heavy 
deposits of pigment in the cortical neurons are 
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seen in senile dementia and allied conditions. 
The pigment must be distinguished from that 
which occurs normally in the pigmented neur- 
ons of the locus caeruleus and substantia nigra, 
which belongs to the melanin group. In brown 
atrophy the pigment is believed to be chiefly 
lipid, as it reduces perosmic acid and is usually 
coloured by the sudan stains. It is often called 
lipofuscin, but differs in its chemical and stain- 
ing reactions in the various organs, some being 
fluorescent, doubly refracting or acid-fast in 
varying degree, e.g. ceroid, an acid-fast pigment 
found in the liver in certain forms of experi- 
mental cirrhosis. In electron micrographs it is 
seen as residual bodies (p. 23), which result 
from incorporation of cell constituents into 
phagosomes in the process of autophagocytosis, 
the lipofuscin persisting as indigestible residues 
of cellular lipids. 


Inhaled compounds. The most important ex- 
ogenous pigments are those inhaled as dust 
particles and entering the body through the re- 
spiratory passages. A certain amount of soot, 
stone dust, etc., enters and accumulates in the 
lungs of all individuals living in urban condi- 
tions, but the accumulation becomes excessive 
in those exposed occupationally to an atmo- 
sphere rich in dust. The lungs may be in- 
filtrated by foreign particles of various kinds — 
coal, silica, asbestos, iron and other ores and 
various organic substances. The resulting patho- 
logical changes will be described later with the 
diseases of the lungs. 

The entrance of such particles into the lungs 
is favoured by the presence of chronic bron- 
chitis or other condition in which there is inter- 
ference with the action of the ciliated epi- 
thelium, but even in normal health, particles 
of less than 5 pm gain access to the pulmonary 
alveoli if the amount in the inspired air is great. 
The dust particles are quickly taken up by mac- 
rophages in the pulmonary alveoli (Fig. 10.14). 
Some of the macrophages with the ingested par- 
ticles are expelled via the bronchi, some enter 



Fig. 10 14 The lung of a coal-miner showing pha- 
gocytosis of inhaled particles of coal dust by alveolar 
macrophages, x 520. 
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the interstitial tissue of the lungs, and pass into 
the lymphatics, while some settle in the alveoli 
alongside respiratory bronchioles, and the pig- 
ment is eventually incorporated into the re- 
spiratory bronchiolar walls. Much of the pig- 
ment, however, is carried into the lymphatics; 
most of it is deposited in the hilar nodes, but 
some in the pleura. The degree of irritation re- 
sulting depends on the nature of the particles. 
Large collections of carbonaceous particles 
( anthracosis ) may provoke little or no over- 
growth of connective tissue, whereas fibrosis is 
very marked in the case of silica-containing 
stone dust, the condition of silicosis resulting. 
The bronchial lymph nodes become pigmented 
and enlarged, the accumulation within their 
phagocytic cells being virtually permanent. 
Some of the pigment which has accumulated in 
the lungs may be removed by macrophages which 
appear in the sputum for a long time after re- 
moval of the individual from the dusty atmo- 
sphere. 

Ingested compounds. Deposition of brownish 
granules of silver compounds ( argyria ) was a 


common result of taking medicines containing 
silver preparations. The granules are formed by 
reduction of silver albuminate and are seen 
especially in the skin (giving a dusky appear- 
ance), the gut wall, and the basement mem- 
branes of the glomeruli and renal collecting 
tubules. It is now rare. In chronic lead-poisoning 
an albuminate is produced in a similar way, 
and around the teeth hydrogen sulphide reacts 
with it to produce the characteristic blue line 
on the gums. Melanosis coli (p. 277) is now the 
commonest example of pigmentation resulting 
from ingestion of chemicals. 

Tattooing. In tattooing, fine particles such as 
india ink, ultramarine, cinnabar (mercuric sul- 
phide), etc., introduced through the epidermis, 
are taken up by macrophages and lodge in 
small spaces or clefts in the connective tissue of 
the cutis. Some particles are carried also by the 
lymph stream to the regional lymph nodes and 
then are conveyed by phagocytes into the lym- 
phoid tissue. Both at the site of introduction 
and in the lymph nodes the pigment persists for 
life. 


Pathological Calcification 


Pathological calcification of soft tissues occurs 
most commonly without any general disturb- 
ance of calcium metabolism: the level of plasma 
calcium is normal, and deposition is due to 
local changes in the affected tissue. This is 
termed dystrophic calcification. Less commonly, 
pathological calcification is a result of an in- 
crease in the level of ionic calcium in the 
plasma, and occurs in normal soft tissues: this 
is termed metastatic calcification. 

In both dystrophic and metastatic calcifica- 
tion the deposits resemble in composition the 
minerals of bone, but show much greater varia- 
tions in the proportions of calcium to magnes- 
ium and phosphate to carbonate. 

Identification of calcium salts in tissues. Calcium 
salts have an affinky for haematoxylin, and the earl- 
icst sign of calcification is given by the appearance 
of hyaline or finely granular material of a deep violet 
fih!L Lato- the calcium salts form irregular and 
S®&awh*t reftactile masses: they are, of course, 
wa#ly,scduble in weak acids,, and small bubbles 


of carbon dioxide are released from the carbonates. 
When treated with dilute sulphuric acid, the char- 
acteristic crystals of calcium sulphate separate out. 
This occurs more readily when the sections are in 50 
per cent alcohol, in which the solubility of the crys- 
tals is low. When carbonate or phosphate (which 
are nearly always deposited as calcium salts) are 
treated with silver nitrate, yellow silver phosphate is 
formed, and this quickly undergoes reduction on 
exposure to light and turns black (von Kossa’s 
method). Neither the affinity for haematoxylin nor 
von Kossa’s method is specific for calcium. Silver 
nitrate is reduced by other substances, e.g. iron, and 
the reaction with haematoxylin is given by a sub- 
stance formed before the deposition of calcium, and 
is positive after the tissue is decalcified. The best re- 
agent is alizarin, the staining principle in madder, or 
its derivatives. Alizarin stains calcium salts red, but 
the reaction may not be given by very old deposits. 
When injected intra vitam, alizarin colours growing 
bone (but not fully formed bone) and also patho- 
logical deposits of calcium unless they are very old. 

Calcification is often accompanied by diffuse or 
granular deposition of iron compounds which give a 
Prussian blue reaction. 



Dystrophic calcification 

This consists of the irregular deposition of cal- 
cium salts in altered or necrotic tissues and 
formed elements such as thrombi. Deposition is 
irregular and may be sufficiently heavy to 
render the part chalky or even stony hard. 

Predisposing changes. The local changes 
which predispose to dystrophic calcification are 
as follows. 

(7) Hyaline changes in fibrous tissue. This 
occurs as an ageing change in arteries. Increase 
in calcium in hyalinised artery walls is usual, 
and it may be sufficient to convert the vessel to 
a rigid tube, as in Monckeberg’s sclerosis (Fig. 
14.19, p. 376). Calcification is also common in 
dense connective tissues, for example tendons, 
the dura mater, and the scarred heart valves 
following rheumatic endocarditis. It occurs in 
some tumours, for example in fibromas (Fig. 
10.15) and in uterine myomas undergoing in- 
volution after the menopause. The ‘brain-sand’ 
bodies of some meningiomas consist of con- 
centrically arranged cells which undergo hya- 
line change followed by calcification. 



Fig. 10.15 Dystrophic calcification of hyaline con- 
nective tissue adjacent to a small blood vessel in a 
fibroma. The calcified tissue is stained by haem- 
atoxylin (even after decalcification), and presents a 
dark granular appearance, x 500. 

(2) Tissue death. Calcification commonly 
occurs in (a) the necrotic lipid debris in ather- 
omatous patches, ( b ) fat necrosis (usually 
around the pancreas or in the breast), (c) old 
infarcts ( d ) caseous patches in tuberculosis, 
necrotic foci in histoplasmosis and other chro- 
nic infections, {e) necrotic foci in malignant 
tumours, and (/) dead parasites (e.g. Trich- 
inella spiralis and echinococcal cysts). Calcifi- 
cation of such dead tissue is a slow process, and 
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occurs only when necrotic material persists for 
a long time without undergoing organisation. 

(3) Inspissated pus and organic material in 
ducts, etc. A large collection of pus, unless dis- 
charged, may eventually become inspissated, 
then calcified, and even ossified. Organic mat- 
erial accumulating in the ducts of salivary 
glands, or in the appendix, may become cal- 
cified, forming ‘stones’ in these sites. Calcium 
deposition in the urinary tract, both as discrete 
stones and as soft, crumbling material, is 
caused by urinary infections, but stone forma- 
tion occurs also as a result of increased calcium 
excretion (see below). 

( 4 ) Thrombi. Calcification occurs very com- 
monly in old venous thrombi which have not 
undergone organisation: hard masses are thus 
formed in veins, e.g. in the legs, and show up 
on x-ray as phleboliths. 

The chemical reactions involved in dystrophic 
calcification are not understood. Factors which 
may be involved include the following, (a) 
Local changes in pH of hyaline or necrotic 
tissue, etc.: calcium is deposited more readily 
from an alkaline medium. ( b ) Breakdown pro- 
ducts of cells or tissue elements to provide a 
nucleus with an affinity for calcium salts. Re- 
lease of phosphate from nucleoprotein break- 
down is a possible example. The strong ten- 
dency for calcification of necrotic fatty tissue 
was formerly explained by the affinity of fatty 
acids for calcium, forming insoluble calcium 
soaps. This suggestion lacks supporting evi- 
dence, and in particular subcutaneous injection 
of fatty acids does not lead to calcification, 
(c) Local enzyme changes: the normal process of 
calcification of growing bone occurs in the pre- 
sence of high local concentrations of alkaline 
phosphatase. In experimentally induced lesions, 
some correlation has been observed between 
high levels of alkaline phosphatase and deposi- 
tion of calcium salts, but the correlation is not 
a very good one, and this is not a convincing 
factor in dystrophic calcification in man. 

Calcinosis circumscripta. This is a condition in 
which irregular nodular dystrophic calcification 
occurs in the skin and subcutaneous tissues, 
especially of the fingers. The overlying skin becomes 
ulcerated and the chalky material is discharged or 
may be scraped out. This appears to consist chiefly 
of calcium carbonate, as shown by solution with 
effervescence in hydrochloric acid. Microscopically a 
mild chronic inflammatory reaction with giant cells 
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surrounds the nodules. The causation of the lesion is 
obscure. The deposits are easily distinguished from 
gouty tophi by their dense opacity to x-rays and by 
histochemical tests. (See also tumoral calcinosis, p. 
928). 

Occasionally calcium deposition is more wide- 
spread, involving also muscles and tendons — this is 
known as calcinosis universalis. 

A number of other diseases, including sclero- 
derma and dermatomyositis, are occasionally 
complicated by calcification of the dermis or 
subcutaneous tissues. 

Metastatic calcification 

This occurs in the following conditions. 

(1) Excessive absorption of calcium from the 
gut, seen most commonly in infants with hyper- 
vitaminosis D due to over-fortification of 
infant foods with vitamin D and calcium (p. 
889). Similar experimental changes can be pro- 
duced readily in the rat (Fig. 10.16). 

Excessive intake can result also from taking 
very large amounts of calcium by mouth, for 
example milk and calcium carbonate by suf- 
ferers from peptic ulcer: this may lead to hyper- 
calcaemia and alkalosis (the milk-alkali syn- 
drome). 



10i6 Rat kidney in hypervitaminosis D. Note 
calcified small vessels and renal tubules, x 120. 
(From preparation kindly lent by Dr. J. R. M. 
Jones.) 


(2) Excessive mobilisation of calcium from the 
bones. This occurs in patients with widespread 
bone destruction, as for example in multiple 
myeloma or metastatic carcinoma. Prolonged 
immobilisation in bed for any reason is also of 
importance, the bones undergoing disuse atr- 
ophy. Excessive mobilisation of bone calcium 
is also brought about by primary hyperparathy- 
roidism, usually due to a parathyroid adenoma 
(p. 1035), but a more common cause is second- 
ary hyperparathyroidism associated with para- 
thyroid hyperplasia and resulting from chronic 
renal failure with retention of phosphate (p. 
1036). 

Metastatic calcification occurs especially in 
the walls of arteries and in the kidneys. It is 
occasionally seen in the myocardium, acid-sec- 
reting gastric mucosa and the alveolar walls of 
the lungs. It may be that the sites of metastatic 
calcification are determined by a relatively high 
pH, e.g. around the renal tubules and the acid- 
secreting gastric glands. Deposition is seen in- 
itially on the surface of elastic fibres, basement 
membranes and other formed elements. 

The kidneys and urinary tract are the com- 
monest and most important sites of metastatic 
calcification. In the kidney, deposition of cal- 
cium occurs in the tubular epithelium and may 
be seen by electron microscopy in relation to 
mitochondria. More gross calcium deposition 
may occur in the tubular basement membranes, 
the interstitial tissue, and calcified concretions 
may form in the tubular lumen, usually of the 
collecting tubules. These changes are accom- 
panied by impaired function, and by the de- 
velopment of coarse scars involving segments 
of the cortex and medulla (possibly due to 
obstruction of individual collecting tubules). 
Chronic renal failure may result. The renal 
arteries may also be calcified but, as elsewhere, 
patency is little affected. 

Another important feature of hypercal- 
caemia is the formation of calcium carbonate/ 
phosphate stones in the urinary tract (p. 868). 

Nephrocalcinosis and stone formation are 
particularly liable to occur when there is in- 
creased intake of calcium associated with alka- 
losis and an alkaline urine, as in the milk-alkali 
syndrome; they occur also in renal tubular aci- 
dosis (p. 845). 


Deposition of Uric Acid and Urates 
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Uric acid is formed as the final breakdown pro- 
duct of purine bases, and is thus derived from 
catabolism of nucleic acids. Normal plasma 
urate levels depend greatly on the assay tech- 
nique, but levels above 7-0 mg/100 ml (0-42 
mmol/1) for men and 6-0 mg/100 ml (0-36 
mmol/1) for women are abnormally high. 
Adults produce 400-700 mg of endogenous uric 
acid daily and dietary purines contribute 300- 
600 mg. Most of this uric acid is excreted by 
the renal distal convoluted tubules, which can 
normally increase the rate of excretion, as 
necessary, to maintain homoeostasis. 

Hyperuricaemia is not uncommon, par- 
ticularly in men over 40. It tends to be familial, 
but sporadic cases occur. The metabolic abnor- 
malities concerned are not clearly understood. 
In some instances, increased production of uric 
acid results from a deficiency of the phos- 
phoribosyl-transferase enzyme which is neces- 
sary for the re-utilisation of hypoxanthine for 
purine synthesis. This deficiency results in in- 
creased breakdown of hypoxanthine into uric 
acid. Other enzyme deficiencies with similar 
effect have been detected in some instances of 
hyperuricaemia. In others, there is a defect of 
unknown nature in renal excretion of uric acid. 
These defects account for at least some cases of 
primary hyperuricaemia in which nucleic acid 
breakdown is normal. Secondary hyperur- 
icaemia results from increased nucleic acid 
breakdown, as in chronic myeloid leukaemia 
(p. 547). 

There is considerable variation in the effects 
of hyperuricaemia. In most instances, there are 
no associated pathological changes. In others 
there is deposition of uric acid or urate in the 
collecting tubules of the kidneys, seen macro- 
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scopically as brown-yellow streaking of the 
medulla: this may have little or no effect, or 
may be followed by formation of uric acid 
stones (p. 868). Uric acid streaking of the 
medulla is a common necropsy finding, par- 
ticularly in children, and appears to be asso- 
ciated with a state of dehydration before death. 
The most important complication of hyper- 
uricaemia is gout (p. 923), in which crystals of 
monosodium urate are deposited in and around 
the joints, in the skin (Fig. 10.17) and else- 
where. It is always accompanied by hyper- 
uricaemia, and yet the relatives of patients 
may have equally high levels of plasma uric 
acid without developing gout. As indicated 
above for hyperuricaemia in general, a number 
of individual abnormalities of purine metab- 
olism can result in gout. 



Fig. 10.17 Section through gouty nodule of skin, 
showing deposit of needle-like crystals of mono- 
sodium urate, x 370. 
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Tumours: 1. General Features, Causation and 
Host Reactions 


General Features of Tumours occasionally the resemblance is to some pre- 

cursor cell or tissue rather than to the fully dif- 
In previous chapters we have seen examples of ferentiated adult type. These resemblances are 
cell proliferation and growth of tissues in the attributable to the origin of each tumour from 

process of repair, in response to irritation, and abnormal and excessive proliferation of a cell 

as a hyperplastic response to increased work- derived from the previously normal tissue, 

load or hormonal stimulation. Such growth is Tumours arise most often from tissues in which 

purposeful, and, up to a point, capable of ex- the cells are normally labile (i.e. they are con- 
planation. In a tumour (neoplasm), however, tinually being replaced by new cells — p. 77), 
the growth is not only excessive but apparently and which are exposed to the various noxious 
purposeless, progressing without regard to the agents in the environment (especially the skin 
surrounding tissues or the requirements of the and the epithelium of the alimentary and re- 
individual as a whole. While forming a part of spiratory tracts). Many tumours do, however, 
the body, tumour cells seem to have become originate from the cells of organs not so ex- 
largely unresponsive to the factors which con- posed and normally having more stable cells, 
trol the proliferation of non-neoplastic cells, e.g. those of the liver, thyroid, adrenal, car- 
Accordingly, tumours exhibit various degrees tilage or fat. The adult neuron is probably the 
of uncontrolled growth and in some instances only type of nucleated cell in the body incap- 
uncontrolled function, e.g. the production of able of giving rise to a tumour, 
hormones or enzymes. Such behaviour is com- Classification. The cell or tissue origin of a 
monly termed autonomous, but a tumour is, of tumour is called its histogenesis, and provides 
course, dependent on the host for its nutrition, the basis of a principal mode of classification, 
blood supply and supporting stroma, and On this basis, nearly all tumours may be class- 
escape from host control factors is only Rifled as epithelial or connective tissue tumours 
relative.. according to the cell of origin. Tumours are 

Definition. A tumour, or neoplasm, is an further classified by their naked-eye appear- 
abnormal mass of tissue, the growth of which ances, their microscopic features and by the 
exceeds and is unco-ordinated with that of the nature of their products. The most important 
normal tissues and continues in the same mode of classification is, however, based on be- 
manner after cessation of the stimuli whiclfS) haviour, and divides tumours into benign and 
have initiated it. This definition covers most malignant types ( see below). So little is known 
tumours, which form discrete lumps, but in the of the precise causal factors of most individual 
leukaemias, which are tumours of myeloid or tumours that a classification based on aetiology 
lymphoid cells, the tumour cells may extend is not yet widely applicable, 
diffusely through, the marrow or lymphoid In this text, tumour or neoplasm is used for 
tissues,. and also circulate in the blood. all lesions of this type, whether benign or 

Origin. Tumours show an extraordinary var- malignant. Cancer is used for all malignan t 
tejy of structure, but the majority retain a re- tumours, regardless of their origin. Carcinoma 
abtance k> some normal tissue or cell type; is used only for malignant tumours of epith- 
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elium, and carcinogenesis for the changes in- 
volved in the development of malignant tum- 
ours of all types. 

Variations in tumour behaviour 

Tumours vary considerably in their 
behaviour, notably in the following important 
features. 

Rate of growth. There are all gradations be- 
tween slowly-growing' tumours that hardly 
change in size from year to year and those 
which grow so rapidly that differences in size 
may be detected from week to week. Many 
tumours consist very largely of tumour cells, 
with blood vessels and supporting stroma con- 
tributing little to the total mass: their rate of 
growth depends on the rate of proliferation and 
the life-span of the tumour cells. Epithelial 
tumours may add to their bulk by accumula- 
tion of material secreted by the tumour cells, 
e.g. mucin, or they may induce a fibrous reac- 
tion, so that they come to consist largely of fib- 
rous stroma in which lie groups of tumour 
cells. The growth of some connective tissue 
tumours depends largely on the production of 
matrix (collagenous, cartilagenous, etc.) by the 
tumour cells. Vascular congestion, oedema and 
infection can all occur in tumours, as in normal 
tissues, and contribute to fluctuations in their 
rate of growth. 

By definition, the rate of cell production in 
tumours exceeds the rate of cell death. The rate 
of cell production depends on the growth frac- 
tion, i.e. the proportion of cells entering the cell 
cycle which culminates in mitosis (Fig. 11.1), 
and the time taken to complete the cycle. The 
number of mitoses seen microscopically is thus 
a general indication of the rate of tumour 
growth. In general, the rate of cell production 
is greater in malignant than in benign tumours. 
The kinetics of tumour cell proliferation are of 
importance in planning certain types of ther- 
apy, for many anti-tumour drugs destroy 
mainly cells undergoing mitosis. The features 
determining the life-span of tumour cells are 
complex and not fully understood. In some 
tumours, for example basal cell carcinoma of 
the epidermis, many cells undergo shrinkage 
necrosis ( apoptosis — p. 11), and in spite of a 
high mitotic rate, growth is surprisingly slow. 
In many malignant tumours disorders of mitosis 
result in abnormalities in the number and 


Pre-synthetic phase 



Fig. 11.1 The mitotic or cell cycle, showing the rel- 
ative duration of each phase. The whole cycle nor- 
mally takes from about 24 hours to several days, 
depending largely on the duration of G,, the phase 
preceding the synthesis of DNA (S phase). The S 
phase is followed by a brief (G 2 ) phase before the 
cell undergoes mitosis (M). After mitosis, the cell 
may leave the cycle to enter the ‘resting’ (G 0 ) stage, 
in which it may remain for its whole lifespan; cells in 
G 0 phase may, however, re-enter the cycle at the Gi 
phase. The factors which inhibit cell division do so 
by arresting cells in the G 0 or G t phase. 

structure of the chromosomes. The cells pro- 
duced are pleomorphic (Fig. 11.3) and many of 
them are non-viable. Aberrant mitoses are thus a 
feature of malignant tumours. Malignant tum- 
ours also tend to outgrow their blood supply 
and the rapidly increasing number of cells com- 
press the small blood vessels. Accordingly, isch- 
aemic necrosis is a conspicuous feature of many 
malignant tumours (Fig. 1 1 .2); those involving 
the skin or a mucous membrane tend to ulcer- 
ate and bacterial infection then results in more 
extensive necrosis. 

Although many malignant tumours grow 
progressively and relentlessly, individual tum- 
ours may fluctuate greatly in their growth rate. 
It is, for example, not uncommon for removal 
of a breast cancer or a melanoma of the skin to 
be followed by many years of good health: in 
some patients, local or distant foci of residual 
tumour eventually become apparent and grow 
rapidly. Clearly, tumour has persisted since 
before the time of excision of the original 
tumour, but for many years has failed to grow 
significantly. This suggests that host defence 
mechanisms are involved, and that they may 
arrest tumour growth for long periods. 

Invasion and spread. The cells of benign tum- 
ours remain at the site of origin, forming a single 
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Fig. 11.2 Ischaemic necrosis in a tumour. In this ex- 
ample, the tumour is a rapidly growing anaplastic 
astrocytoma of the brain, composed of cells with a 
round dark nucleus. The tumour cells immediately 
around a small blood vessel have survived, forming a 
cuff which occupies most of the picture. More peri- 
pherally the tumour has undergone ischaemic necro- 
sis with loss of nuclear staining, x 190. (Dr. A. M. 
Lutfy.) 

mass. When growing in a solid tissue, they 
compress the surrounding normal cells which 
undergo pressure atrophy and necrosis: the 
tissue stroma is more resistant and may become 
condensed to form a fibrous capsule (Fig. 12,8, 
p. 326). The formation of a capsule has how- 
ever been given too much emphasis, for in some 
benign tumours the capsule is incomplete, little 
or no stroma separating the adjacent tissue 
from the tumour cell mass: this is particularly 
the case in tissues like the adrenal which can 
expand readily without pressure atrophy occur- 
ring. 

The cells of malignant tumours invade locally 
and also spread by the lymphatics, bloodstream 
and body cavities to form secondary tumours or 
metastases remote from the site of origin. In 
, some instances it is difficult or impossible to 
detfirmine whieh is the original or primary 
tmmoi^ partkmlarly when their cells are poorly 


Differentiation. This is the degree of resem- 
blance of a tumour to its tissue of origin and can 
be applied morphologically and functionally to 
the tumour cells. The naked eye appearances of 
a well differentiated tumour sometimes reveal 
its nature: for instance a lipoma is usually re- 
cognisable as an encapsulated mass of adipose 
tissue of essentially normal microscopic ap- 
pearance. The less differentiated a tumour is, 
the more difficult it is to identify its tissue of 
origin and the tissue of origin of a poorly dif- 
ferentiated tumour may remain unknown de- 
spite naked eye, light- and electron-microscopic 
and biochemical examination. Partial loss of dif- 
ferentiation is termed dysplasia and complete loss, 
so that the tumour no longer resembles its tissue 
of origin, is termed anaplasia (Fig. 11.3). 



Fig. 11.3 Section of an anaplastic malignant tumour 
showing also great variation in shape and size of the 
cells and of their nuclei (pleomorphism). Note also the 
abnormal mitoses, x 200. 

There is a general correlation between the 
above features; malignant tumours are usually 
rapidly growing, poorly differentiated, and have 
a high mitotic rate with nuclear pleomorphism 
and abnormal mitoses (Fig. 11.3), while benign 
tumours are usually slow growing, well differ- 
entiated, and show infrequent mitoses and little 
cytological variation (Fig. 11.4, see also Figs. 
12.2-20, pp. 323-32 and 13.2-15, pp. 341-7). < 

Benign tumours seldom kill unless they arise 
Hear and press on vital structures or secrete ex- 
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Fig. 11.4 Section of a benign tumour of the thy- 
roid. Note the close resemblance to thyroid tissue, x 
75. 


cessive amounts of hormone. Most fatal tum- 
ours are malignant, and death may result from 
local invasion, from the effects of metastases, 
or from a combination of both. The identifica- 
tion of tumours as benign or malignant is 
therefore crucial and is a major responsibility 
of the hospital histopathologist. Table 11.1 
compares the characteristics of benign and 
malignant tumours. However, the distinction is 
not absolute and borderline tumours occur. 
Some tumours, for example, are locally in- 
vasive and yet rarely metastasise. 

Progression of a benign tumour to malig- 
nancy is not common, and most malignant 
tumours do not arise from a benign tumour. 
The behaviour of the innumerable different 
kinds of tumours of different organs varies 
greatly, and it is necessary to know these varia- 
tions before one can apply the criteria in Table 
11.1 with safety to the individual patient. 

Examples of exceptional behaviour. Rate of growth. 
Some benign tumours (especially of the female geni- 
talia, e.g. myomas of the uterus and cystadenomas 
of the ovary) may grow very rapidly and reach a 
great size. Some malignant tumours — basal cell car- 
cinomas of the epidermis, some breast carcinomas 
and in particular carcinoid tumours of the gut and 
‘latent’ carcinoma of the prostate— grow very 
slowly. Incidentally, the normal fetus grows faster 
than any tumour. 


Table 11.1 Contrasting features of benign and malignant 
tumours 



Benign 

Malignant 

(a) Evidence on rate of growth 


Mitoses 

Few and 

Numerous and 


normal 

often 

abnormal 

Nuclei 

Little altered 

Enlarged, often 
irregular 
(pleomorphic) 

Nucleoli 

Little altered 

Usually large 

Cytoplasmic 

Slight 

Marked 

basophilia 

Haemorrhage 

Inconspicuous 

Often extensive 

and necrosis 
(b) Differentiation 

Naked-eye 

Often close 

Vanable: 

resemblance 


from close 

to tissue of 


to none 

origin 

Microscopic 

Usually very 

Usually poor 

resemblance 

marked 


to tissue of 
origin 

Function, 

Often well 

May be 

e.g. secretion 

maintained 

retained, lost, 
or abnormal 
products 


(c) Evidence on transgression o) normal boundaries 


Capsule intact 

Frequent 

Rare (usually 


none) 

Local invasion 

Absent 

Very frequent 

Metastases 

Never 

Frequent 


Differentiation. Some benign tumours show a high 
degree of cellular specialisation and structural 
arrangement, but do not resemble the parent tissue. 
Mucinous cystadenoma of the ovary (Fig. 24.21, p. 
962) is an example: it is 'well differentiated’ but in a 
different direction from the parent tissue. Some 
malignant tumours (some squamous carcinomas, for 
instance, and well differentiated thyroid carcinomas) 
may closely resemble the parent tissue. Function is 
not always lost in malignant tumours; indeed, such 
normal functions as the production of keratin, 
mucus, melanin, and hormones, may be well main- 
tained by malignant tumours. 

j Invasion is perhaps the most nearly reliable 
criterion of malignancy, but it is often surprisingly 
difficult to assess in practice, especially where the 
normal structures are distorted by some other patho- 
logical process such as infection, metaplasia or con- 
genital anomaly. As already mentioned, a capsule is 
absent in some benign tumours, and some malignant 
tumours are encapsulated, including clear-cell car- 
cinoma of kidney and some thyroid carcinomas. 

Metastasis is another generally reliable enter- 
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ion, but benign tumours and even normal tissue may 
sometimes become implanted at a distance as a re- 
sult of trauma or surgical accident. The placental 
trophoblast not only invades the uterus but is often 
carried by the blood to the lungs. Also some 
undoubted malignant tumours practically never 
metastasise: basal cell carcinoma is the best example, 
but intracranial tumours also fail to metastasise out- 
side the cranio-spinal cavity. 

Despite these exceptions, the hallmark of the 
malignant tumour is its capacity to spread to, 
and grow progressively in, tissue remote from its 
site of origin. Spread may occur by lymphatic 
vessels as tumour cell emboli, or a column of 
tumour cells may grow along the vessel until a 
lymph node is reached. Invasion of a lymph 
node may be followed by further spread via the 
efferent lymphatic. Similar invasion and spread 
by blood vessels is also common. Tumour cells 
disseminated by the bloodstream may involve 
any organ, but the lungs, liver and bone 
marrow are specially common sites of second- 
ary tumours. (It should be noted, however, that 
by no means all tumour cells which enter the 
bloodstream go on to establish metastases. 
Circulating tumour cells can be detected in the 
bloodstream of patients with early cancer and 
it seems that many such cells are destroyed). 
Less common but important routes of spread 
are across body cavities (transcoelomic spread) 
and intra-epithelial extension as in Paget’s dis- 
ease of the nipple. The spread of tumours is 
discussed more fully in Chapter 12. 


Effect of tumours 

These are various and many of them can be 
readily understood. 

Local effects. The presence of a mass of 
growing tissue of whatever kind may lead to 
pressure effects on various important struc- 
tures, e.g. on blood vessels (especially veins), 
nerves, hollow viscera and ducts and solid 
organs, resulting in a wide variety of complica- 
tions. This is true both of benign and of malig- 
nant tumours, but in addition the latter in- 
filtrate and destroy such structures, and are 
especially liable to produce obstructive effects, 
e.g. stenosis of pylorus, intestine or bronchi. 

As mentioned earlier, extensive necrosis 
ootnmonly occurs in malignant tumours: those 
mvohitng the skin or mucous membranes very 
■ ;4^;'4surate'mi4 become infected by bacteria 


to which they are more susceptible than normal 
tissues. 

Widespread replacement of organs by 
tumour tissue may impair their function: in- 
volvement of bones leads to fractures: direct 
invasion or compression of nerves causes much 
of the pain associated with malignant disease. 
Compression or infiltration of blood vessels 
or lymphatics leads to regional congestion, 
ischaemia and oedema. 

General effects. Absorption of bacterial pro- 
ducts from infected tumours and of the pro- 
ducts of necrosis of tumour tissue contributes 
to the pyrexia, debility and wasting (cachexia) 
seen in some cancer patients. Where there is a 
large volume of tumour, a further factor in 
producing cachexia is the competition between 
tumour and normal tissues for essential nut- 
rients, such as amino acids and vitamins. 
Actual reduction of food intake is important in 
patients nauseated from liver metastases or the 
effects of cytotoxic drugs, or with dysphagia 
resulting from neoplastic involvement of the 
upper alimentary tract. There is little direct evi- 
dence that tumours commonly produce toxic 
compounds, although some patients with 
cancer develop unusual types of neuropathy, 
etc. (see below), which are likely to be due to 
abnormal tumour products. 

Anaemia is common in cancer patients; it can 
result from haemorrhage from, or infection of, 
an ulcerated tumour, replacement of the haemo- 
poietic marrow by tumour, or marrow depres- 
sion by cytotoxic drugs or radiotherapy. 

Malignant tumours cause depression of im- 
munological and other defence mechanisms. This 
depression, which may be increased by chem- 
otherapy or radiation, predisposes patients 
with cancer to infection with both virulent and 
opportunistic pathogens. 

Occasional effects of cancer include various 
ill-defined neuropathies and myopathies which 
interfere respectively with the functioning of 
the nervous system and skeletal muscles: they 
are most likely due to humoral products of 
tumours. Other remote effects include multiple 
venous thromboses (especially in pancreatic 
cancer) and various skin rashes. Renal disturb- 
ances (usually nephrotic syndrome) occasion- 
ally result from deposition of tumour-antigen/ 
antibody complexes in the glomeruli. These and 
other effects of tumours will be exemplified in 
the accounts of individual systems and organs. 
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Hormonal effects. Syndromes of hormone 
excess may result from the production of large 
quantities of hormone by benign (and less 
commonly malignant) tumours of the endo- 
crine organs. These effects may be regarded as 
appropriate as they reflect ‘appropriate’ func- 
tional differentiation of the tumour cells. Much 
more surprising is the increasing list of hor- 
mones shown to be produced by some tumours 
arising from tissues with no known relevant 
hormone secretion. The most commonly en- 
countered examples are production of hormones 
with ACTH or ADH activity by carcinomas of 
the bronchi. Syndromes due to such ‘in- 
appropriate’ secretion of hormones by tumours 
of apparently non-endocrine origin occur in 
relatively few patients with cancer, but a much 
higher proportion of tumours can be shown to 
have the enzyme systems necessary for the pro- 
duction of such hormones. The tumours most 
commonly associated with the inappropriate 


secretion of hormones are listed in Table 11.2. 

The basis of the ‘inappropriate’ secretion of 
hormones by non-endocrine tumours remains 
unclear. Normal somatic cells contain the 
whole genome of the individual, and during 
differentiation the genes not required by each 
particular cell type are suppressed. Apparently 
the nuclear changes in tumour cells sometimes 
include re-expression of suppressed genes, but 
the association between particular types of 
tumour and hormone production cannot 
readily be explained by random de-repression. 
A recent and attractive theory holds that there 
are widely distributed cells with an endocrine 
function (‘apud’ cells) and that tumours arising 
from such cells (‘apudomas’) amplify and make 
detectable their actual or potential hormonal 
activities (p. 1034). 

By invading and destroying endocrine 
glands, tumours can also cause hormonal de- 
ficiencies. 


Table 11.2 Examples of ‘inappropriate’ hormone secretion by tumours 


Hormone secreted by tumour 

Type of tumour 

ACTH 

Oat cell carcinoma of bronchus; epithelial thymomas; carcinoid 
tumours; islet cell tumour of pancreas. 

Parathormone 

Squamous carcinoma of bronchus; carcinomas of oesophagus, colon, 
liver, pancreas, kidney. 

Antidiuretic hormone (ADH) 

Oat cell carcinoma of bronchus; haemangioblastoma of cerebellum. 

Insulin 

Retroperitoneal fibrosarcoma; mesothelioma; hepatoma; adrenal 
carcinoma. 

Thyroid stimulating hormone 

Choriocarcinoma; hydatidiform mole; embryonal carcinoma of testis. 

Erythrogenin (erythrocytosis) 

Renal carcinoma; cerebellar haemangioblastoma; hepatoma; 
phaeochromocytoma. 

Gonadotrophin (precocious 
puberty in males) 

Hepatoma. 


The Causation of Tumours 


Paradoxically we know many causes for cancer, 
but not the cause of cancer. We can detect 
many changes in the cancer cell, but we do not 
know the nature of the essential change in the 
cell which makes it a cancer cell. We know that 
various chemical compounds, x-irradiation and 
(in animals) viruses can produce tumours but 
we do not know exactly how any of them ren- 
ders cells neoplastic. 

The process of conversion of a normal cell to 
malignancy is called carcinogenesis and agents 


which cause this are termed carcinogens. Car- 
cinogenesis in man is nearly always a complex 
process, usually involving the interaction of 
many factors, some of which favour tumour 
development and others which appear to pro- 
vide some protection against it. They may be 
divided into (1) genetically determined factors, 
which in total determine an individual’s suscep- 
tibility to develop a particular cancer on ex- 
posure to (2) the exogenous influences en- 
countered in the complex environment in which 
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we live. The complexities of genetic and en- 
vironmental factors and of their interactions 
account for many of the difficulties of the epi- 
demiological and experimental investigation of 
the causes of cancer. 

There is great variation in the intensity and 
length of exposure to individual carcinogens 
necessary to bring about tumour development. 
A subthreshold dose of a carcinogen will not 
produce a tumour, but subthreshold doses of 
two separate carcinogens given together may be 
effective (syncarcinogenesis). The combination 
of certain substances which are not of them- 
selves carcinogenic (co-carcinogens or prom- 
oters) with a subthreshold dose of a carcinogen 
will also cause tumour development (co-car- 


cinogenesis) For example, if a chemical car- 
cinogen such as methylcholanthrene is painted 
on the skin of a mouse, application of a dilute 
solution of croton oil (itself not carcinogenic) 
will hasten the development of tumours and 
increase the number which develop — only, 
however, if applied together with or after 
the carcinogen. The carcinogen thus appears 
to initiate an irreversible process, while 
the co-carcinogen (in this case croton oil) pro- 
motes its progress after initiation. In most 
experimental studies, administration of a 
sub-threshold dose of carcinogen and a co- 
carcinogen has resulted in benign tumours 
and the role of co-carcinogens in human cancer 
is uncertain. 


Genetic factors 


The share of genetic factors in cancer causation 
varies extremely widely, from almost negligible 
in some common cancers to practically 100% 
in a few rare tumours, with many intermediate 
positions. 

Clearly there must be strong selective pres- 
sure against genes producing major cancers in 
childhood and young adults, and such condi- 
tions are always rare. Polyposis coli (p. 651) is a 
good example of the tumours which escape this 
pressure. It is determined by a Mendelian dom- 
inant factor, multiple polyps developing in the 
colon in half the members of affected families; 
cancer of the colon develops regularly in early 
adult life — late enough, however, to permit re- 
production. No known environmental factor is 
involved, though it is possible that the un- 
known basic abnormality of the colonic epith- 
elium involves genetically-determined suscep- 
tibility to some material present in the bowel 
contents. Retinoblastoma (p. 803) is also de- 
termined by a Mendelian dominant factor, and 
so are the multiple benign tumours (only occa- 
sionally becoming malignant) of neurofibro- 
matosis (p. 794), and also Peutz-Jegher’s syn- 
drome (p. 650) in which benign tumour-like 
polyps develop, usually in the small intestine. 

A particularly illuminating example of the 
interaction of a genetic factor and environment 
is xeroderma pigmentosum. Sufferers show 
severe sunburn on minimal exposure to sun- 
, light* and develop multiple skin Cancers, ultim- 


ately fatal, often while still in their teens. The 
condition has been shown to be due to a simple 
enzyme defect, the absence of an endonuclease 
that removes abnormally linked pairs of bases 
in the DNA chain and replaces them by normal 
pairs. Such linkages are produced in normal 
skin in enormous numbers by exposure to the 
UV light in ordinary sunlight, and require 
constant repair by the endonuclease. In the 
absence of the normal repair mechanism, many 
cells die and others undergo permanent genetic 
damage that ultimately leads to tumour growth 
in some of them. It can therefore be said that 
the cancer of xeroderma is in fact caused by the 
external carcinogen, UV light, the genetic 
defect being simply the absence of a defence 
mechanism against this agent. This is con- 
firmed by the great improvement in life ex- 
pectancy produced in these cases by rigorous 
protection from sunlight. 

The relationship of skin cancer to skin pig- 
mentation is also instructive. The defence mech- 
anism just mentioned fails in normal skins if 
exposure to UV light is maintained at high 
levels for a lifetime. Races exposed to much 
sunlight have developed more or less heavy 
melanin pigmentation as a defence (its function 
being confirmed by its localisation as caps over 
the epidermal-cell nuclei). The white races 
evolved in high latitudes where there is much 
less exposure to UV, and so little danger of 
skin cancer. Rickets is a powerful factor select- 



ing against dark-skinned races in high latitudes 
because it causes distortion of the female pelvis 
and so endangers mother and infant during 
childbirth. Recent emigrations demonstrate 
these factors: Celtic types in Australia have a 
colossal incidence of basal cell carcinomas of 
the skin (present in 75% at the age of 75 in 
some areas), while in Glasgow some Pakistani 
children develop rickets unless their diet is 
supplemented by vitamin D. We have here 
another example of a ‘normal’ genetic variant 
which greatly influences the production of 
cancer by the external carcinogen, UV light. 

The interspecies differences in enzyme hand- 
ling of 2-naphthylamine, which influence the 
incidence of the urinary bladder cancer (p. 299) 
fall into this same category of gene-environ- 
ment interaction in cancer production. Recent 
work suggests a similar factor in lung cancer in 
man. The carcinogenicity of cigarette tar hyd- 
rocarbons depends on their conversion to epox- 
ides by an enzyme, aryl hydrocarbon hyd- 
roxylase (AHH), the concentration of which 
varies considerably in different individuals; 
some studies suggest that the incidence of lung 
cancer is highest in those with high AHH 
levels. 

A more remote connection is shown by the 
relation of some tumours to genetic markers — 
gastric cancer with blood group A, Hodgkin’s 
disease with the HLA antigen B5 and acute 
lymphoblastic leukaemia with HLA antigens 
A2 and B12: all that is known with certainty is 
the raised frequency of the tumour in bearers 
of the gene concerned. In all three examples the 
effect is small and the mechanism obscure. 

A high incidence of a particular cancer, e.g. 
of the breast, stomach or colon, has been 
observed in some families, but the great major- 
ity of such cancers arise in members of families 
without any such predisposition. The relative 
importance of genetic and environmental 
causal factors in cancer-prone families is not 
known. 

Chromosomal abnormalities in tumour cells 

The abnormal behaviour and morphology of 
tumour cells seems likely to result from altera- 
tions in the numbers, arrangement or operation 
of genes. Morphologically, we are limited at 
present to seeking evidence of abnormalities in 
chromosomal morphology and number: we 
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cannot yet detect morphological changes in 
individual genes, even with modern chromos- 
omal banding techniques (Fig. 2.8, p. 16). 

Chromosomal abnormalities cannot be de- 
tected in most benign tumours, but in malig- 
nant tumours the number of chromosomes is 
often abnormal and structural chromosomal 
abnormalities are found. However, these 
changes seem to occur in random manner. As 
they are more marked in advanced than in 
early tumours, they probably merely reflect the 
progressively disordered nuclear behaviour 
consequent upon the development and evolu- 
tion of cancer. Of more interest are chromos- 
omal abnormalities which occur in some benign 
and malignant tumours in a non-random fash- 
ion. The outstanding example is the Philadel- 
phia chromosomal abnormality, involving C22 
and C9 (p. 549), which is demonstrable in 90% 
of cases of chronic myeloid leukaemia (CML). 
The change affects haemopoietic stem cells and 
is now believed to be the basic cell change lead- 
ing to this form of CML. It is also of interest 
that many cases of CML pass into a more 
acute, malignant form of leukaemia, and in 
about 75% of such cases the acute phase is 
accompanied by further non-random chromos- 
omal changes, usually involving C8 and Cl 7. 
CML without the Philadelphia chromosome 
abnormality may well be a separate entity, for 
the course and response to treatment are dif- 
ferent. Other examples of non-random chromo- 
somal changes associated with particular forms 
of neoplasia are known, but apart from CML, 
they appear likely to develop as secondary 
events, for they are often absent from the tumour 
cells obtained by early biopsy. 

Interesting observations have been made on 
the effects of cell hybridisation (p. 304) on 
malignant cells. When cancer cells are fused 
with normal cells, the hybrid cells are often 
non-malignant, as assessed by their failure to 
produce tumours in suitable animals or to grow 
progressively with loss of contact inhibition in 
culture (p. 302). The hybrid cell is, however, 
unstable, and in culture it loses chromosomes 
with successive divisions. Loss of particular 
chromosomes derived originally from the 
normal cell has been found to be associated 
with the re-emergence of malignant behaviour. 
It thus appears that the factors which make a 
cell malignant may be present but suppressed 
by genetically-determined factors of the normal 
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cell: they may become operative with loss of the 
suppressor factors. 

The development of malignancy as a result 
of chromosomal aberrations is suggested also by 


the increased incidence of cancer in rare con- 
genital disorders characterised by chromosomal 
instability, e.g. Fanconi’s anaemia, ataxia 
telangiectasia (p. 171) and Bloom’s syndrome. 


Chemical carcinogens 


In 1775, Percivall Pott*, a London surgeon, 
recorded a high incidence of cancer of the scro- 
tum in chimney sweeps (Fig. 11.5). Because 
they lacked facilities (and perhaps enthusiasm) 
for washing, sweeps retained soot in their 
rugose scrotal skin, where it exerted a car- 
cinogenic effect. Another occupational cancer 
was reported in 1874 by Volkmann, who 
observed a high incidence of skin cancer in 
workers exposed to tar and mineral oil. Num- 
erous other examples of chemically-related 
occupational cancers have since been reported. 

Testing for chemical carcinogenicity. A major 
advance in the investigation of chemical car- 
cinogenesis was made by Yamagiwa and Ichi- 
kawa who in 1917 reported the induction of 
cancers by repeated painting of rabbits’ ears 


with tar. This provided the means to test indivi- 
dual chemicals for carcinogenicity, and since 
that time a very large number of compounds 
have been tested. The basic experimental design 
has varied little. Suspected carcinogens are 
administered at regular intervals, (e.g. daily, 
thrice weekly, etc.) by whatever route seems 
most appropriate, either alone or together with 
co-carcinogens, and with or without manipula- 
tion of the animals’ hormonal, metabolic or 
immunological status. 

A large number of chemicals has been shown 
to be carcinogenic, and the following principles 
have been established. 

1. There is a latent period between the first 
administration of the carcinogen and the de- 
velopment of tumours. The latent period varies 



Fig. 11,5 Cancer arising from the epidermis of the scrotum in a chimney sweep. The tumour forms a raised 
plaque. Numerous small groups of tumour cells are seen invading the dermis. The dark fibres in the deep 
part of the tissue are cremasteric muscle, x 5. 


* Percjvah Pott s name is a^so. commemorated by Pott’s fracture and Pott’s disease of the spine. 
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with different carcinogens and with the same 
carcinogen for different species and strains of 
animal. 

2. For some carcinogens, the latent period 
varies inversely with the size of each dose of 
carcinogen over a wide range of dosage. Doub- 
ling the dose will thus half the time taken for 
tumours to appear. This means that the effect 
of each dose is irreversible and that tumours 
appear after a certain total dose of the car- 
cinogen. There is thus a threshold dose for each 
carcinogen/strain combination. 

3. For other carcinogens, the latent period is 
influenced by the dosage, but to a smaller 
degree, so that doubling the dosage does not 
reduce the latent period by half. In these in- 
stances, very small doses will induce tumours 
if the animals live long enough, and it has been 
concluded that, for such substances, there is no 
sub-threshold dose, but merely a lengthening of 
the latent period. 

4. Following administration of the threshold 
dose of carcinogen, there may in some in- 
stances be no morphological changes in the 
target cells, but tumours will eventually de- 
velop, even without further administration of 
carcinogen. 

5. Some carcinogens act specifically on one 
organ, e.g. the liver; this is usually because the 
carcinogen is concentrated in that organ, or 
because it is really a procarcinogen which is 
converted to a carcinogen in that particular 
organ. Other carcinogens are non-organ-speci- 
fic, and induce tumours at the sites of maximal 
exposure, which are usually determined by the 
route of administration. 

6. The physical properties and chemical reac- 
tivity of the carcinogen are important, for they 
determine whether it diffuses throughout the 
body or stays at the site of administration, and 
also whether it is concentrated in certain organs 
and in the urine. 

Testing chemicals for carcinogenicity is a 
complex, exacting procedure and, as illustrated 
below, it may take years to establish that a 
substance is carcinogenic. Carcinogenicity also 
varies considerably with species. An example is 
provided by the induction of cancer of the uri- 
nary bladder by 2-naphthylamine. This sub- 
stance came under suspicion because a high in- 
cidence of bladder cancer was observed in 
workers in the aniline dye industry and analy- 
sis of the jobs of those workers developing 


cancer pointed to 2-naphthylamine as the 
causal agent. Tests in laboratory animals of 
several species failed to demonstrate its car- 
cinogenicity, but eventually it was shown to 
induce tumours of the bladder in dogs after five 
years oral administration. It was subsequently 
shown that dogs and men convert the bulk of 
the non-carcinogenic 2-naphthylamine to car- 
cinogenic l-hydroxy-2-naphthylamine in the 
kidney. This compound is concentrated in the 
urine and can induce carcinoma in the transi- 
tional epithelium lining the urinary tract, and 
particularly, because of its relatively large sur- 
face area, in the bladder. Most species of ani- 
mals convert 2-naphthylamine to non-car- 
cinogenic substances such as glucuronides, and 
this explains the initially negative studies of 2- 
naphthylamine carcinogenicity. 

Testing for mutagenic activity. As exemplified 
above, carcinogenicity tests often take a long 
time, and even when very thorough they cannot 
provide an absolute guarantee that a com- 
pound is non-carcinogenic for man. More re- 
cently, tests have been devised to determine 
whether chemical compounds are capable of 
causing mutations in bacteria. By selecting suit- 
able bacterial strains, tests for mutations of 
various types can be made, both with a sus- 
pected compound and with its metabolites. 
Such tests are rapid, and for most of the sub- 
stances which have been tested there is a very 
good correlation between carcinogenicity and 
mutagenicity. 

The nature of chemical 
carcinogens 

Thousands of chemicals can induce the de- 
velopment of tumours. The first to be proved 
carcinogenic was the polycyclic hydrocarbon, 
1:2, 5:6 dibenzanthracene, which was syn- 
thesised by Kennaway and his colleagues ap- 
proximately 50 years ago. The first carcinogen 
to be identified in soot and tar was 3:4 benzpy- 
rene. Since that time, many other polycyclic 
hydrocarbons have been proved to be car- 
cinogenic. These compounds produce cancer at 
the site of local application. They are present in 
mineral oils and are released by combustion of 
most organic materials, including fossil fuels; 
accordingly, they are widespread atmospheric 
pollutants. 

Other classes of compounds which are car- 
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cinogenic include aromatic amines used in the 
aniline dye industry, e.g. 2-naphthylamine (see 
above) and benzidine (formerly used also in the 
laboratory to detect blood in the faeces), which 
cause cancer of the urinary bladder. Azo-dyes, 
e.g. ‘butter yellow’ formerly used to tint mar- 
garine, cause liver cancer (see below), and ami- 
nofluorenes, notably 2-acetylaminofluorene, can 
induce cancer of the liver and of the urinary 
bladder. In each of these classes of compound, 
carcinogenicity cannot usually be predicted from 
the molecular structure, and small changes in the 
molecule can greatly influence carcinogenicity. It 
is, however, apparent that certain molecular 
features, for example double-bonds at certain 
sites in the benzene rings of the polycyclic hydro- 
carbons, are of importance. 

Certain non-aromatic organic compounds 
are also carcinogenic. They include some alky- 
lating agents, e.g. mustard gas and methyl- 
nitrosourea, and nitrosamines which may be 
formed from chemical action on foodstuffs in 
the stomach and bacterial action in the large 
intestine. 

Various inorganic compounds also act as 
carcinogens; for example inhaled asbestos fibres 
cause cancer of the pleura, peritoneum and 
bronchus, while cancer of the bronchus can 
apparently be caused also by inhalation of 
dusts containing compounds of arsenic, beryl- 
lium, nickel and chromates. Long-continued 
administration of arsenical compounds or ex- 
posure to arsenical dusts can also cause skin 
cancers. 

The mechanism of chemical 
carcinogenesis 

This is poorly understood. All carcinogens do 
appear, however, to induce progressive and 
irreversible changes in the target cells, leading 
eventually to the development of a cancer cell. 
This is illustrated by studies of the effects of 
butter-yellow (p-dimethylaminoazobenzene), 
the most carcinogenic of the azo-dyes, on the 
liver. The dye is taken up by liver ceils and, like 
all carcinogens, it causes cell injury resulting in 
this case in loss of some liver cells and com- 
pensatory regeneration of surviving cells. There 
is thus cellular proliferation which, as men- 
tioned earlier, is important in carcinogenesis. If 
slices of normal rat liver are placed in culture 


medium and oxygen uptake is measured as an 
index of cellular metabolism, addition of 
butter-yellow to the medium is found to de- 
press metabolism. Administration of butter- 
yellow to rats progressively diminishes the 
effect of butter-yellow on the uptake of oxygen 
by liver slices in vitro, and when liver tumours 
finally develop the oxygen consumption is 
found to be unaffected by butter-yellow. It may 
thus be concluded that the liver cells become 
progressively adapted to the presence of butter- 
yellow in vivo. Such adaptation could be ex- 
plained either (a) by the development of in- 
creased amounts of enzymes which detoxify 
butter-yellow or provide metabolic pathways 
not affected by it, or (b) by the production of 
mutations by butter-yellow and growth of 
mutant cells which are resistant to the effects 
of the dye on metabolism. The fact that pre- 
cancerous changes induced by carcinogens are 
non-reversible (see above) suggests strongly 
that selection of mutants is the correct explana- 
tion. 

Most of the organic carcinogens are either 
capable of reacting with DNA (e.g. alkylating 
agents) or are metabolised within the cell to 
compounds, e.g. epoxides, which can do so. 
Such reactions are believed to occur between 
electrophilic groupings on the carcinogen and 
electron-rich groupings of DNA, notably in 
guanosine: but binding occurs at various sites 
within DNA, and may possibly result in the 
development of mutations of various types 
when the DNA replicates prior to mitosis. In 
view of the close correlation between car- 
cinogenicity and mutagenicity (p. 299) it seems 
very likely that chemicals induce cancer by 
causing mutations. Such mutations can only 
occur in cells which undergo mitosis, and this 
may explain why cancer arises most commonly 
from labile populations of cells (p. 290), and 
also why mature neurons, which appear incap- 
able of division, do not become neoplastic. In 
some instances where cancer arises in relatively 
stable cell populations, e.g. liver cells, cell loss 
and compensatory proliferation caused by dis- 
ease, e.g. cirrhosis of the liver, or by the car- 
cinogen itself, are probably essential for car- 
cinogenesis. 

It has also been suggested that chemical car- 
cinogens may act by activating a latent on- 
cogenic (tumour-producing) virus already pre- 
sent in the target cell (pp. 302 et seq .). 
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Physical agents in carcinogenesis 


The main physical factor concerned with 
tumour formation is radiant energy, and much 
is known of this important form of car- 
cinogenesis. Other physical factors, such as 
mechanical trauma, chronic irritation and the 
tendency for cancer to develop in scars, are dif- 
ficult to study and their role in carcinogenesis is 
poorly understood. 

Radiant energy. A detailed account of the 
effects of radiation on cells is included in Chap- 
ter 2. Radiation of diverse kinds, x-rays, a, ft and 
y rays and ultraviolet light all induce tumours in 
man and animals. They produce effects by re- 
lease of energy during their passage through 
the tissues with resulting alteration of various 
cellular molecules, including the nucleic acids. 
The most important long-term consequence of 
these events is an increased rate of mutation in 
the irradiated cells. The degree of effect on a 
tissue depends largely on the total radiation 
dose, physical characteristics of the radiations 
(such as their penetrating capacity), and on fea- 
tures of the affected tissues, such as density, 
mitotic rate, and the nature of their blood 
supply. Thus short exposure to a high con- 
centration of radiation, as occurred in those 
exposed to the atomic bomb or to accidents 
involving nuclear apparatus, and oft-repeated 
exposure to low doses of radiation, as occurred 
in the early radiologists, can both be car- 
cinogenic. Tumours may arise in tissues 
affected by radiation necrosis (p. 38) and also 
in those where direct radiation injury appears 
to have been relatively slight. 

The early radiologists frequently calibrated 
their machines by exposing their own arms. 
This cumulative exposure to x-rays was car- 
cinogenic, but as the early x-rays were ‘soft’ 
and did not penetrate deeply through the skin, 
their tumours were accessible squamous car- 
cinomas of the epidermis which could be suc- 
cessfully treated surgically. Later, however, 
despite the recognition of the hazard and in- 
troduction of safe practices, the use of ‘harder’, 
more penetrating x-rays led to a raised in- 
cidence of deeper tumours, and particularly to 
the development of chronic myeloid leukaemia 
originating in the haemopoietic marrow as a 
result of the capacity of bone matrix to impede 
and scatter the x-rays. Further developments in 


safety techniques have now virtually abolished 
this problem. 

The effects of radio-isotopes depend on the 
dosage, and the site of absorption of the radia- 
tion produced. Inhaled radioactive dust is likely 
to produce lung cancers (p. 497). Radio-iodine 
produces thyroid tumours in experimental ani- 
mals because it is concentrated within the 
gland: external irradiation of the neck with 
x-rays can produce much the same effect. 

The situation with UV light(UV) is interest- 
ing. Long continued exposure to UV, especially 
medium-wavelength UVB, such as occurs in out- 
door workers, is associated with the occurrence 
of basal cell and squamous carcinomas , which 
usually arise in those areas of skin exposed 
to light, and less often malignant mela- 
nomas of the skin. Those most at risk are pale 
skinned individuals who tan poorly, albinos, 
and especially those with the genetic pre- 
disposition of xeroderma pigmentosum (p. 296). 
Not only is there a very high frequency of skin 
cancers in white inhabitants of sunny Australia 
(p. 297) but they affect relatively young people 
as compared with most other cancers, with 
some predilection for those of higher socio- 
economic groups. 

Much of the UV radiation in sunlight is fil- 
tered out by ozone in the stratosphere and does 
not reach the earth. There is current concern 
that the ozone is being reduced by supersonic 
transport and especially by fluorocarbons 
used as propellants in spray-containers and as 
refrigerants. It has been postulated that this 
will lead to an increase in skin cancer in sunny 
places, but the evidence on which this fear is 
based is, at present, inconclusive. 

Trauma and chronic irritation. Many pat- 
ients ascribe the onset of a visible (usually skin) 
tumour to some specific incident of trauma. It 
is difficult to understand how a gross mech- 
anical injury could cause neoplasia, and it 
seems likely that, in most cases, an already 
growing tumour becomes more liable to injury 
and that this draws the patient’s attention to 
the lesion — traumatic determinism. It is possible, 
however, that mechanical trauma may be im- 
portant in a few cancers. 

Chronic irritation, which could also be re- 
garded as repeated minor trauma, seems im- 
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portant in squamous carcinomas of the mouth 
associated with ill-fitting dentures and in those 
cancers which arise in association with chronic 
infected sinuses opening onto the skin. Also, 
malignant melanoma in African negroes occurs 
mainly on the soles of the feet of those who go 
barefoot: this may not, however, be due 
simply to trauma, for most such tumours arise 
at the margin of the pale plantar skin, whereas 
trauma is obviously not so restricted in dis- 
tribution. 

Scars. Tumours do not ordinarily arise in a 
burn scar or surgical wound scar on a rabbit’s 
skin. But if one paints a carcinogen evenly over 
an area which includes such a scar, the tumours 


Induction of tumours by viruses 


appear first (and grow largest) in relation to the 
scar. ‘Burn cancers’ of man, or ‘brand cancers’ 
of animals, occur almost always in areas ex- 
posed to excessive sunlight or similar car- 
cinogenic stimulus. Scars thus seem to act as 
‘cocarcinogens’. Although chronic peptic ulcers 
of the stomach and duodenum have closely 
similar features, only those in the stomach 
appear to predispose to cancer. It may be that 
the chronic ulceration predisposes to cancer 
because of the active proliferation of the sur- 
face epithelium at the ulcer margins (which is 
where cancer develops) and that, in addition, 
the gastric (but not the duodenal) mucosa is 
exposed to carcinogenic agents. 


Both RNA and DNA viruses have been shown 
to be oncogenic, i.e. capable of causing tum- 
ours, in various species of vertebrates. In many 
instances, however, it has not been easy to esta- 
blish that a particular animal tumour is caused 
by a virus. The only human tumours which 
have been proved to be caused by a virus are 
the common wart and some venereal warts, but 
many of the procedures used to establish the 
viral nature of tumours in experimental an- 
imals are not applicable to man, and it is not 
surprising that evidence is only now accumulat- 
ing which suggests that some human cancers 
are virus-induced. The evidence is, however, 
particularly strong for an unusual form of lym- 
phoid cancer, the Burkitt lymphoma, and for 
nasopharyngeal carcinoma and fairly strong for 
liver cell cancer (p. 305). 

Viral integration and transformation of host cells 

When a virus particle enters a host cell, two 
things may happen. Firstly, in so-called permis- 
sive cells virus can replicate, producing infective 
virus particles which are released and may enter 
other cells. Secondly, sequences of virus DNA 
may be inserted into the DNA of the host cell, 
a process termed integration. In all instances of 
virus-induced tumours which have been suffici- 
ently elucidated, the development of cancer has 
been found to be associated with integration of 


the virus, and this phenomenon must be studied 
in some detail. 

Many of the important advances in viral car- 
cinogenesis have been made by investigating 
the effects of viruses on cell cultures, and some 
oncogenic viruses have been shown to be cap- 
able of transforming normal cells in culture into 
cells which behave like cultures of cancer cells. 
For example, cultures of normal cells prolifer- 
ate only until such time as they form a continu- 
ous monolayer on the surface of the culture 
vessel: they then stop proliferating, a phenome- 
non known as contact inhibition. By contrast, 
virus-transformed cells (and cancer cells in cul- 
ture*) continue to proliferate and become 
heaped up on one another (Fig. 11.6). Virus- 
transformed cells also show other features of 
cancer cells; for example increased motility, 
morphological changes and increased glyco- 
lysis, and in many instances they have been 
shown to develop into tumours when injected 
into histocompatible animal hosts: there is thus 
very strong evidence that certain viruses can 
convert normal cells into cancer cells in vitro. 

The demonstration of integrated viral DNA 
in host cells has been achieved by elegant tech- 
niques, one of the most useful being nucleic 
acid hybridisation. To give an example, a sus- 
pected DNA virus is grown in a culture of per- 
missive cells, which allow the virus to replicate, 


*tn general, cells from tumours of experimental animals grow much more readily than human cancer cells in culture, 
although in some instances the latter will grow continuously. 
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Fig. 11.6 Cultures of hamster fibroblasts {left). The upper culture shows formation of a regular monolayer. 
The lower culture is infected with polyoma virus and shows cellular pleomorphism and loss of contact 
inhibition, the cells being piled on top of one another. The upper hamster {right) was injected with the 
polyoma-transformed cells which have grown to form a tumour. The lower hamster was injected with the 
uninfected cells, and has remained healthy. (Dr. Joan McNab.) 

and viral DNA is prepared in single-stranded 
form. Complementary strands of radioactive 
RNA are prepared in vitro by incubating the 
viral DNA with a mixture of suitable bases 
(one or more of which is labelled with a radio- 
isotope) and the enzyme RNA polymerase 
(Fig. 11.7). The labelled RNA thus produced 
will bind to the corresponding sequences of the 
viral DNA, and can be used to detect viral 
DNA integrated into the host cell genome. By 
this technique, viral DNA can be detected in 
various animal tumours and virus-transformed 
cells. The features of virus integration and its 
relation to tumour formation differ for DNA 
and RNA viruses, which are considered separ- 
ately below. 

Fig. 11.7 Use of the nucleic-acid hybridisation 
technique to detect integrated viral DNA. Note that 
the preparation of the RNA ‘probe’ requires re- 
plicating virus to provide the viral DNA genome, 
which is used as a template. 



genome 
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Oncogenic DNA viruses 

In 1933, it was demonstrated by Shope that 
naturally-occuring benign epithelial tumours 
(papillomas or warts) of American cotton-tail 
rabbits could be transmitted by filtered extracts 
of the tumours. When scratched into the skin 
of cotton-tailed rabbits, benign tumours were 
produced. In domestic rabbits, the filtrates 
caused skin tumours which frequently became 
malignant. It is now known that oncogenic 
DNA viruses can either integrate and trans- 
form a cell, or replicate within it: they cannot 
do both in the same cell, for replication of virus 
kills the cell. The infectivity of the cotton-tail 
papillomas was due to replication of the virus 
(subsequently termed the Shope papilloma 
virus) in keratinised, non-dividing epithelial 
cells: in the proliferating tumour cells, the virus 
is integrated, but does not replicate. The cells 
of the more malignant tumours produced in 
domestic rabbits contain integrated, but not 
replicating virus, and their filtrates are non- 
infective. This point is important, because in 
other DNA virus tumours, infective virus is not 
produced, and integrated virus can only be de- 
tected by nucleic-acid hybridisation (see above) 
or by means of cell hybridisation. The latter 
consists of fusing together two cells from ani- 
mals of the same or different species, forming 
a tetraploid cell. When a (non-permissive) cell 
containing an integrated DNA virus is fused 
with a permissive cell, complete virus particles 
may be formed in the hybrid cell, thus revealing 
the presence of the integrated virus in the non- 
permissive cell. Skin papillomas in other species 
have been shown to be caused by papilloma 
viruses, including the human common wart (ver- 
ruca vulgaris) and the venereal wart ( condyloma 
acuminatum); in both these human tum- 
ours, the virus replicates in some non-dividing 
cells, and so they are infectious. 

The papilloma viruses belong to a group 
termed papovaviruses, which include also Poly- 
oma virus and a virus termed SV40. Polyoma 
virus is unusual in that it can induce tumours of 
various types (hence the name) in several 
species: most oncogenic viruses are more speci- 
fic in the type of tumour and in the species in 
which they induce tumours. Polyoma virus 
occurs naturally in mice, and when injected 
into neonatal mice, other rodents or rabbits, it 
induces a wide range of tumours. When added 


to cell cultures, it integrates into and trans- 
forms some cells and replicates in others. The 
relative ease with which Polyoma virus produces 
tumours when injected into neonatal animals is 
a general feature of oncogenic viruses: when 
introduced into adult animals, the host immune 
response usually results in antibodies which 
inactivate free virus, and in cell-mediated im- 
munity which destroys any transformed cells. 
For this reason, tumours are rare in the natur- 
ally-infected adult mouse, but tumours can be 
produced by introducing the virus into im- 
munologically suppressed or congenitally im- 
munodeficient (nude) mice. SV40 occurs natur- 
ally in monkeys, in which it replicates but does 
not produce tumours, but it can cause tumours 
when injected into neonatal rats and can trans- 
form cells in culture. This illustrates a general 
feature of DNA oncogenic viruses — they us- 
ually replicate and destroy cells in the natural 
host and integrate into cells of the host(s) in 
which they are oncogenic. Perhaps because of 
man’s close relationship to monkeys, SV40 can 
infect man, producing in immunosuppressed or 
immunodeficient patients a form of encephalitis 
by replicating in cells of the brain; it has 
not, however, been shown to produce human 
tumours. 

Herpesviruses 

Two herpes viruses are of considerable interest 
because there is evidence associating them with 
tumours in man. One, Epstein-Barr virus, is 
associated with a tumour termed the Burkitt 
lymphoma and also with cancer of the naso- 
pharynx: the other. Herpes simplex virus type 2, 
has been associated with carcinoma of the uter- 
ine cervix. 

Epstein-Barr virus (EBV). In certain parts of 
Africa where malaria is highly endemic, Burkitt 
noted the relatively high incidence of an other- 
wise rare tumour of lymphocytes which occurs 
in children and affects the jaw and various 
internal organs. Cells from this tumour, the 
Burkitt lymphoma, are lymphoblasts derived 
from B lymphocytes and grow continuously in 
cell culture. Occasional cells in such cultures 
produce EBV particles and this was the original 
source of the virus. Most of the cells in culture, 
and those of the tumour itself, have been 
shown to contain several EBV genomes in their 
nuclear DNA. Moreover, when added to cul- 
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tures of human lymphocytes, EBV transforms 
them into lymphoblasts resembling those 
derived from the tumour. Involvement of B 
lymphocytes appears to depend on their pos- 
sessing a surface receptor for C3d (an activa- 
tion product of the third component of comple- 
ment) which also binds EBV and so facilitates 
its entry into B lymphocytes. 

EBV is widespread throughout the world. 
Most people develop immunity to it without 
clinical illness, but in some it causes the acute 
febrile illness known as infectious mononuc- 
leosis: in this, antibody to EBV appears and 
there is also an unusually vigorous immune re- 
sponse on the part of T cells, which pre- 
sumably eliminate any B cells transformed by 
the virus. Complete recovery is the rule and 
there is no evidence of subsequent increased 
risk of developing a lymphoma. The occurrence 
of the Burkitt lymphoma in Africa is associated 
closely with endemic malaria, and the tumour 
incidence is low in areas where malaria has 
been eradicated and in Africans with the sickle- 
cell trait of their red cells, which protects 
against malaria. The most likely explanation of 
the association with malaria is the effect this 
disease has in depressing cell-mediated im- 
munity, with consequent failure to destroy lym- 
phocytes transformed by EBV. The suppressive 
role of immunity is supported by the spon- 
taneous regression of the tumour in some 
cases, and by its unusually good response to 
low doses of anti-tumour drugs. 

EB virus is also associated with poorly dif- 
ferentiated carcinoma of the nasopharynx, 
which is the commonest form of human cancer 
in parts of Southern China. Integrated EB virus 
DNA can be detected in the tumour cells. The 
high incidence of this otherwise rare tumour in 
the Southern Chinese is probably due to a 
genetic factor, for it occurs also in Chinese 
groups who have settled in other countries, and 
is rarely observed in Caucasians living in South- 
ern China. Recently, a high incidence of the 
histocompatibility antigen HLA-A2 has been 
reported in patients with this cancer, and it 
may be that this is associated with a particular 
repertoire of immune response (Ir) genes (p. 
167) which do not provide for a normal vigor- 
ous T-cell response to EBV-transformed 
epithelial cancer cells. 

Herpes simplex type 2 virus ( HSV2 ) is known 
to be transmitted sexually, and female genital 


infection is associated with sexual activity and 
promiscuity. These behaviour patterns are also 
associated with a high incidence of carcinoma 
of the cervix uteri, and patients with this condi- 
tion have higher titres of antibody to HSV2 
than those without the disease. HSV2 has also 
been detected in cells from cervical cancer. Al- 
though these findings are suggestive, it still re- 
mains entirely possible that HSV2 infection is 
incidental and that the virus is simply a ‘passen- 
ger’ and not the cause of the tumour. 

Other DNA viruses 

Hepatitis B vims is associated with acute and 
chronic hepatitis in man. Chronic hepatitis 
commonly progresses to cirrhosis of the liver, 
which in a proportion of cases is followed by 
cancer of the liver cells. A factor of importance 
in this progression is the continuous loss and 
compensatory proliferation of liver cells, which 
are normally stable (p. 77). As mentioned ear- 
lier, such proliferative activity predisposes to 
cancer. There is, however, evidence that hepati- 
tis B virus may be more directly carcinogenic, 
for liver cell cancer is a much less common 
complication of cirrhosis due to causes other 
than the virus, e.g. chronic alcoholism. Also, 
there is preliminary evidence suggesting that 
hepatitis B viral DNA is integrated into the 
genome of liver cancer cells. Experimental 
animal studies have proved difficult with this 
virus, and more evidence is needed to de- 
termine its role in human cancer. The subject is 
discussed more fully on pp. 701-2. 

Adenoviruses are a common cause of upper 
respiratory infections in man. One of them 
(type 12) has been shown to be capable also of 
causing tumours in rodents and of transform- 
ing rodent cells in culture. There is, however, 
no evidence that they are oncogenic for man. 

How do oncogenic DNA viruses cause cancer? 

Integration of viral DNA into a host cell could 
produce the transformation to a cancer cell 
either by its direct effect on the host-cell DNA, 
i.e. by acting as or causing mutations. Alter- 
natively, the virus might contain a gene coding 
for a product which transforms the host cell. 
Some support for the mutation theory has been 
provided by the demonstration that although a 
transformed cell may contain several genomes 
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of the transforming virus in its DNA, trans- 
formation is associated with integration into a 
particular chromosome. This does not, of 
course, prove that a particular mutation occurs 
and is responsible for transformation, and 
indeed there is evidence that transcription pro- 
duces a protein which is necessary for both 
integration and transformation of the host cell. 
This protein, termed T-antigen, is detectable in 
the nucleus of transformed cells, and may 
induce transformation by binding to host 
DNA. Antibody to the appropriate T-antigen, 
which is specific for each oncogenic DNA 
virus, is found in the serum of animals with 
DNA-virus induced tumours. Some of the on- 
cogenic DNA viruses have only sufficient DNA 
to code for a few proteins, and elegant studies 
have been performed in which the small DNA 
strands of such viruses have been broken into 
several fragments by means of enzymes. The 
individual parts of the DNA may then be iso- 
lated and their effects tested on suitable host 
cells in culture. In such experiments, it has been 
shown that only the part of the viral DNA which 
codes for T antigen is capable of integrating into 
and transforming host cells. 

Oncogenic RNA viruses 
(retraviruses) 

Introduction. RNA viruses which produce tum- 
ours are commonly termed oncornaviruses (an 
abbreviation of oncogenic RNA viruses) but 
increasingly they are described as retraviruses 
because of their capacity to produce reverse 
transcriptase (see below). 

Like the DNA oncogenic viruses, the re- 
traviruses must become integrated into the host 
cell to induce transformation to a cancer cell. 
To do so, the retravirus, having invaded the 
host cell, synthesises a strand of DNA comple- 
mentary to its RNA genome, by means of re- 
verse transcriptase (RNA-directed DNA poly- 
merase). The viral-coded DNA, known as a 
provirus, is then inserted into the host cell 
genome (Fig. 11.8) Such integration is re- 
stricted mainly to RNA viruses which have 
been shown to be oncogenic, and is essential for 
viral transformation to a cancer cell. The in- 
tegrated DNA provirus can be transcribed into 
the RNA genome of the virus, and (unlike 
otjier RNA: viruses) replication occurs only in 
$»sway. Nearly all retraviruses have a char- 
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Fig. 11.8 Formation of an RNA viral provirus and 
integration into the host-cell genome. Viral replica- 
tion is effected by transcription of the integrated 
provirus. 


acteristic morphology: they form C-type par- 
ticles at the host cell membrane by a process of 
‘budding,’ and the infective virion thus includes 
part of the host cell membrane (Fig. 1 1 .9). This 
form of replication can occur without killing 
the host cell and thus, unlike DNA viruses, 
the retraviruses can both integrate and replicate 
in the same cell. 

The presence of an integrated oncogenic 
RNA virus in cells may be detected by means 
of nucleic acid hybridisation (p. 302), using a 
transcript of the viral RNA genome as a tem- 
plate for production of a DNA ‘probe’. Strong 
evidence of the presence of integrated virus is 
provided also by the detection of reverse trans- 
criptase, and also by the appearance of pro- 
virus-coded proteins on the surface of the host 
cell (p. 314). 


Types of oncogenic RNA viruses 

There are three main groups of oncogenic re- 
traviruses — the sarcoma viruses, leukaemia 
viruses and mammary tumour viruses. 

RNA sarcoma viruses 

The first of these was discovered by Rous in 
1911, when he showed that a sarcoma of chick- 
ens was transmissible by a filtered extract of 
the tumour. This agent (Rous sarcoma virus) 
and other similar avian-tumour producing vir- 
uses rapidly transform chicken fibroblasts in 
culture. Some strains of sarcoma viruses are 
deficient in that they can transform cells but 
lack some of the genetic material required for 
replication: they may be induced to replicate by 
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Fig. 11.9 A part of a cell from a cat infected with 
feline leukaemia virus, showing formation of a virion 
by budding from the cell surface. Note that the en- 
velope is formed from the plasma membrane, and 
that the virus particle becomes coated with an outer 
spiky layer. The section happens to include part of 
another cell immediately above the virion, x 80 000. 
(Dr. Helen Laird.) 

addition of a ‘helper’ virus which supplies the 
defective gene product, and some defective vir- 
uses will replicate in cells which already contain 
an endogenous virus (i.e. an integrated virus 
transmitted genetically from generation to 
generation by the germ cells — p. 309) which 
makes good the deficiency. Sarcoma viruses 
affecting a number of mammalian species have 
been described. 

RNA leukaemia viruses 

Viruses of this group induce various types of 
cancer of lymphoid cells (lymphomas), includ- 
ing leukaemia, in chickens, mice, cats and 
bovines. For convenience, this group of tum- 
ours will be referred to as leukaemia in this 


account. Chicken leukaemia virus was dis- 
covered as long ago as 1908, when chicken leu- 
kaemia was shown to be transmissible, most 
readily to newly-hatched chickens, by a filtrate 
of leukaemic cells. Mouse leukaemia virus was 
demonstrated in the leukaemic cells obtained 
from inbred strains of mice in which ‘natural’ 
leukaemia was common. Filtrates of the leu- 
kaemic cell extracts were shown to induce leu- 
kaemia when injected into neonatal mice of 
strains in which leukaemia was uncommon. It 
is noteworthy that leukaemia virus in replicat- 
ing form is detectable in the cells of all fetal 
mice, and it has even been speculated that it 
plays a physiological role in the proliferation 
and differentiation of fetal cells. During matur- 
ation, replicating leukaemia virus disappears, 
but integrated virus persists in the cells of vari- 
ous tissues, and may be detected by nucleic- 
acid hybridisation, or by treating mice with 
x-rays or various chemical carcinogens, which 
results in replication of the virus, and also in 
leukaemia. In high-incidence strains the spon- 
taneous development of leukaemia is also asso- 
ciated with the reappearance of replicating 
virus, probably because the latter impairs the T- 
cell immune response of the animal and so 
allows transformed lymphocytes to proliferate. 

Feline leukaemia virus, the cause of leukae- 
mia in cats, is of considerable interest for at 
least four reasons. Firstly, infection by feline 
leukaemia virus occurs naturally by horizontal 
transmission (i.e. by personal contact); 
secondly, the virus spreads among an outbred 
cat population; thirdly, infection of adult cats 
can induce leukaemia, and fourthly it has 
proved possible to protect cats from leukaemia 
by use of a vaccine which is effective even when 
administered after the animal has become in- 
fected by the virus. These findings are due 
largely to the work of Jarrett and his co- 
workers in Glasgow. They have shown that, 
while vertical transmission of the virus does 
occur, as in mice, horizontal transmission is 
usually responsible for leukaemia. Young ani- 
mals receiving a large infecting dose of the 
virus are more likely to develop leukaemia, 
probably because these factors lead to immuno- 
suppression, and epidemiological studies have 
shown that cats of a low ‘social class’, which 
roam freely, are much more likely to become 
infected and to develop leukaemia. 

Viruses and human leukaemia. It is apparent 
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that there are important differences between 
virus-induced leukaemia in different species, 
and this must be taken into account in elucidat- 
ing the causal factors of lymphomas and leu- 
kaemias in man. Retraviruses, including the 
leukaemia viruses, can replicate in cells in cul- 
ture, but do not transform them. In the living 
animal, integrated leukaemia virus may remain 
latent (i.e. may give rise to no detectable pro- 
ducts) throughout life although, as noted 
above, it may be activated by administration of 
carcinogens or x-rays. In man, such latent pro- 
viruses, if present, would be extremely difficult 
to detect, although the development of leukae- 
mias in people exposed to heavy doses of ionis- 
ing radiations could be explained by activation 
of an endogenous leukaemia virus. Antibodies 
to le ukaemia viruses are very commonly pre- 
sent in human serum, and C-type virus par- 
ticles have been observed in some cultures of 
human leukaemic cells, while nucleic-acid hyb- 
ridisation techniques have revealed the presence 
of apparent leukaemia proviruses in such cells. 
There is thus some preliminary evidence that, 
as in a number of animal species, certain forms 
of leukaemia in man may be due to retra- 
viruses. Indeed, in view of the demonstration 
that retraviruses cause leukaemia in several 
species, and that feline leukaemia virus can in- 
duce a variety of lymphomas closely resembling 
most of those observed in man, it would be 
surprising if leukaemia viruses were not the 
cause of some types of human lymphomas. 

A major difficulty in the detection of onco- 
genic viruses in human lymphomas and leuk- 
aemias is the lack of a specific ‘probe’ for the 
provirus. The base sequences in feline and 
bovine leukaemia viruses show considerable 
differences, so that bovine leukaemia provirus 
cannot readily be detected by nucleic acid 
hybridisation with a probe prepared from fel- 
ine leukaemia virus RNA. Accordingly, while 
leukaemia viruses are likely to be involved in 
human tumours, the detection of provirus 
requires the preparation of RNA from rep- 
licating virus, and this has not yet been 
accomplished. It must also be emphasised that, 
in feline and bovine leukaemia, the causal 
virus can be detected in only about 50% of tum- 
ours, although from epidemiological studies it is 
very likely that the ‘virus-negative’ tumours 
aif caused by leukaemia viruses, 
hjeuse mamm a r y tumour virus is responsible 


for breast cancer in mice. It is of interest for 
three reasons. Firstly, it accounts for a cancer 
which originally appeared to be determined 
genetically. Secondly, the virus causes tumours 
particularly in female mice, and requires oes- 
trogen stimulation of the target epithelial cells. 
Thirdly, there is some evidence that a similar 
virus may be involved in human breast cancer. 
By selective breeding, strains of mice were esta- 
blished in which virtually all the females de- 
veloped breast cancer late in life, and other 
strains in which this tumour was rare. This 
looked like a genetic effect until it was found 
by Bittner that female neonates of a low-cancer 
strain suckled by foster mothers of a high- 
cancer strain frequently developed breast 
cancer. By contrast, high-cancer strain off- 
spring suckled on low-cancer foster mothers 
did not develop cancer (Fig. 11.10). Thus the 
carcinogenic influence was transmitted by the 
milk in the post-natal period and not by germ 





Fig. 11.10 Discovery of the Bittner milk factor. The 
incidence of breast cancer was high in the daughters 
of ‘high-cancer’ strain mothers (A), but low in the 
daughters of ‘high-cancer’ strain fathers (B). The 
strain of female on which neonates were suckled (C 
and D) was then found to determine the incidence of 
cancer, showing the importance of a milk factor, 
since shown to be a virus. Oophorectomy* reduces 
the incidence of breast cancer in virus-infected 
females, and oestrogen** increases the incidence in 
virus-infected males. 
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cells nor transplacentally by the mother. In- 
vestigations with filtrates of ‘high-cancer strain 
milk’, cell-free filtrates of mammary tumour, 
and electron microscopic studies of milk and 
tumour tissue, have confirmed that the active 
principle (‘Bittner milk factor’) is a virus — 
mouse mammary tumour virus. 

Female neonates which have been infected 
with the virus are protected from breast cancer 
by removal of the ovaries, and male neonates 
infected with the virus only develop breast 
cancer if given large doses of oestrogens. Thus 
oestrogenic activity is a necessary co-factor for 
this virus-induced tumour. 

How do retraviruses cause cancer? 

Integration of provirus into the host cell 
genome is an essential feature of cancer in- 
duced by retraviruses, but this alone is not suf- 
ficient to transform the cell to a cancer cell, for 
it is known that in many vertebrate species 
integrated retraviruses are transmitted genetic- 
ally via the germ cells ( endogenous viruses) and 
are thus present in all nucleated cells. In some 
instances, it is probable that expression (i.e. 


Hormones and carcinogenesis 


transcription) of one or more genes of the pro- 
virus, is necessary to transform the host cell. 
The mechanism of such activation of viral 
‘oncogenes’ is not known, although, as noted 
earlier, administration of chemical carcinogens 
and ionising radiation may induce changes 
which trigger it off. In the case of the sarcoma 
viruses, which transform cells in culture, trans- 
formation has been shown to be effected by a 
single oncogene. This may be detected by 
nucleic-acid hybridisation, and its continued 
expression appears to be necessary for both 
transformation and maintenance of the trans- 
formed state in the host cell. Its product is a 
protease capable of acting on several cellular 
substrates, including components of the cell 
membrane. 

Information on the mechanism of induction 
of cancer by leukaemia viruses is scanty. There 
is, however, preliminary evidence that it may 
depend on a proviral gene which behaves as an 
operator, inducing transcription of an adjacent 
gene of host (i.e. non-viral) origin. If this is 
correct, then it appears that the sarcoma and 
leukaemia viruses induce cancer by different 
mechanisms. 


In general, any induced change of hormone 
level which causes prolonged hyperplasia of a 
target organ may cause tumours of the latter, 
but there are many exceptions. The following 
are the best known experimental situations. 

Oestrogens can undoubtedly cause tumours 
in susceptible strains of mice; their administra- 
tion in high dosage leads to an increased in- 
cidence of cancer of the breast in females and 
to the occurrence of breast cancer in males. 
Reduction of natural oestrogen levels by oophor- 
ectomy abolishes cancer of the breast in sus- 
ceptible female mice. It might seem that the 
excessive proliferation of breast ducts induced 
by oestrogen, carried to excess, has been the 
actual cause of the cancer. But, as noted above, 
the oestrogens appear to act effectively only in 
the presence of the mammary tumour virus in 
mice. In virus-free mice (and in other species) 
the effect is much harder to demonstrate. In 
tissues other than the breast the position 


becomes somewhat anomalous. The most obvi- 
ous oestrogen target cell, the endometrial glan- 
dular epithelium, rarely develops tumours in 
treated animals, though connective-tissue tum- 
ours of the uterus are often produced and tum- 
ours result also in organs not usually regarded 
as oestrogen-responsive, for example the 
kidney in the hamster, and the Leydig cells of 
the testis in the mouse. These effects appear to 
depend only on the oestrogen activity of the 
various compounds concerned, and not on 
their precise structure. 

It now seems likely that there is an increased 
risk of carcinoma of the endometrium in 
women receiving prolonged oestrogen therapy 
and in patients with an oestrogen-secreting 
granulosa-cell tumour of the ovary. In the past 
the risk has been exaggerated by confusion be- 
tween endometrial hyperplasia and carcinoma. 

Contraceptive hormonal preparations. Con- 
sidering the very large number of women 
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taking oral contraceptive pills there is little evi- 
dence of any carcinogenic effect. There is a 
small increase in benign tumours of the liver, 
which correlates with dose and duration of 
therapy, while benign breast lesions are de- 
creased. There is no obvious change in the in- 
cidence of cancer of the breast or uterus. An 
early type of ‘pill’, in which different hormones 
were administered sequentially, was associated 
with an increase in endometrial carcinoma, and 
has now been withdrawn. 

Androgenic/anabolic steroids. These hor- 
mones, notoriously used by athletes competing 
in field events to increase muscle mass, may be 
involved in the development of cancer of the 
liver. 

Experimental endocrine disturbances and tum- 
ours. Experimental procedures which induce an 
increased output of trophic hormones by the 
adenohypophysis have been shown to result in 
cancer in the target organs, although trophic 
hormones have not been shown to induce 
cancer in man. 

Examples of this mechanism of tumour 
induction include the following, (a) If the 
ovaries of a rat are removed and pieces are 
implanted into the spleen, they continue to sec- 
rete oestrogen, but this passes via the portal 
vein to the liver, where it is mostly inactivated. 
In consequence, there is increased secretion of 
FSH by the adenohypophysis and a granulosa- 
cell cancer eventually develops in the stim- 
ulated follicular tissue of the transplanted 
ovaries, (b) If rats are treated with a drug such 
as thiouracil, which blocks the production of 
thyroid hormone, increased secretion of TSH 
by the adenohypophysis causes hyperplasia and 
eventually cancer of the thyroid follicular epi- 
thelium. Cancer develops more rapidly, and 
with more certainty, if a carcinogen, e.g. 2- 
acetylaminofluorene or radio-iodine (which is 
taken up by the thyroid epithelium) is adminis- 
tered to the experimental animals. 

Another example of functional hyperplasia 
leading to neoplasia is provided by removing 
the thyroid gland in mice, or destroying it with 
a large dose of radio-iodine. In the absence of 


thyroid hormone, the TSH-secreting cells of the 
adenohypophysis undergo hyperplasia and in 
some strains of mice this progresses to cancer. 
It is of interest in relation to the following sec- 
tion that initially the cancer cells can be sup- 
pressed by thyroxine, but eventually they may 
continue to grow when transplanted serially 
into mice with normal thyroid function. 

Hormone-dependent tumours in man. The 
pituitary and thyroid tumours just mentioned 
may both be ‘hormone-dependent’ in the sense 
that they may regress if the hormonal disturb- 
ance that invoked them is corrected. Related 
phenomena in man are few, but the following 
three carcinomas deserve mention. (1) Many 
prostatic carcinomas are sufficiently dependent 
on a normal male hormonal environment to be 
slowed down, arrested, or even to regress for 
long periods if oestrogens are given. (2) Some 
differentiated thyroid carcinomas are partially 
dependent on TSH, and their rate of growth 
and spread may be reduced or arrested by con- 
tinued administration of thyroxine, which 
suppresses secretion of TSH by the pituitary. 
(3) Some breast carcinomas regress under vari- 
ous hormonal manipulations— treatment with 
male hormones or even oestrogens, oophorec- 
tomy, adrenalectomy, hypophysectomy. Treat- 
ment by these methods has been largely empir- 
ical, but the cells of some breast cancers have 
receptors for oestrogens or other steroid hor- 
mones, such as progesterone. When hormone 
binds to the receptors the hormone-receptor 
complex enters the cell and is passed to the 
nucleus where it affects nucleic acid metab- 
olism. The clinical significance is that patients 
with tumours consisting of receptor-positive 
cells are likely to respond to hormone therapy, 
whereas those whose tumours are receptor- 
negative are unlikely to respond. 

Just as the experimentally-induced hormone- 
dependent pituitary tumours become independ- 
ent after serial transplantation (see above), hor- 
mone-sensitive tumours in man practically 
always ultimately resume growth, though with 
the thyroid and prostatic carcinomas the period 
of arrest or partial regression is often long. 
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Epidemiological considerations in cancer prevention 


There are two major approaches to preven- 
tion of cancer. One is by basic biological re- 
search on the mechanisms of the cellular 
changes leading to the development of cancer 
in animals and man. The second is by detecting 
carcinogenic factors in the environment, i.e. in 
the air, soil, foods and in industrial processes, 
and taking steps to eliminate exposure to them. 

So far, we have considered the roles of 
genetic factors, chemical and physical agents, 
viruses and hormones in the development of 
cancer. We must now discuss the epidemio- 
logical approach to the detection of environ- 
mental factors which, together with the genetic 
predisposition or resistance to particular forms 
of cancer, determine the incidence and types of 
cancer to which man is subject. This is an 
exceedingly complex subject, and the following 
account is necessarily limited to some general 
principles and illustrative examples. 

Life expectancy. As illustrated in Fig. 11.11, 
the risk of cancer increases with age. In this 
country, the life expectancy of newborn infants 
has increased from 40 to 70 years in the last 
100 years, and this has been accompanied by a 
very great increase in cancer, which is now the 
cause of death of just over 20% of the popula- 
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Fig. 11.11 Deaths from cancer in England and 
Wales during 1977, shown as the number of deaths 
per 100 000 for each 5-year age group. (Mortality 
Statistics, 1977, HMSO, London). 


tion. By contrast, in countries with a much 
shorter life expectancy (due mainly to malnutri- 
tion and infections) the incidence of cancer is 
much lower. One reason for this relationship 
between cancer and age is obvious: the cellular 
changes leading to cancer progress slowly over a 
long period , and accordingly cancer usually 
develops many years after first exposure to 
environmental carcinogens. 

Natural environmental factors. The import- 
ance of U.V. in sunlight as a cause of skin can- 
cers, particularly in pale-skinned people, has 
already been considered (p. 297). Other natural 
factors which may have an influence on the in- 
cidence of cancer include geological features 
which influence the level of background radia- 
tion and also the amounts of various chemi- 
cals in the soil, water and vegetable foods. 
Climatic and other factors also determine the 
presence and incidence of certain parasitic dis- 
eases which predispose to cancer, e.g. schisto- 
somiasis (bladder cancer in Egypt) and liver 
flukes (biliary-duct cancer in the Far East). 

Occupational factors. Some examples of 
cancer resulting from exposure to carcinogens 
used in industry have already been given (pp. 
298-301): these and some others are listed in 
Table 11.3, but it should be emphasised that, 
with the ever-increasing variety of industrial 
processes, the number of chemical carcinogens 
and co-carcinogens is now enormous, and 
screening of compounds potentially useful in 
industrial processes or as drugs, food additives, 
cosmetics, weedkillers, insecticides, etc., is be- 
coming an increasingly heavy task. As already 
pointed out (p. 299) it may take years to detect 
that a substance is carcinogenic in animals, and 
even the most careful tests on animals cannot 
exclude the possibility that a substance is car- 
cinogenic to man. Nor does it always follow 
that a substance found to be carcinogenic in 
the laboratory will be a danger to man. It is 
therefore important that general medical prac- 
titioners and epidemiologists should be on the 
alert for an unusually high incidence of cancer 
in particular occupational groups. A good ex- 
ample is provided by bladder cancer in workers 
in the aniline-dye and rubber industries (p. 
299). More recently, it has become clear that 
asbestos miners and workers inhaling asbestos 
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Table 11.3 Some Examples of Cancer Associated with Occupational Exposure to Carcinogens 


Types of tumour 

Occupational group 

Carcinogen 

Skin cancer 

(a) Radiologists 

(a) v Soft’ x-rays 


(b) Fanners and fishermen 

( b ) Ultraviolet light 

Chronic myeloid leukaemia 

Radiologists 

'Hard’ x-rays 

Bladder cancer 

Rubber workers 

1-hydroxy- 


Aniline dye workers 

2-naphthylamine 

Lung cancer 

(a) Miners 

(a) ? Silica 


( b ) Uranium miners 

[b) y-radiation 

Mesothelioma of pleura or peritoneum 

Asbestos miners 

Asbestos 


Pipe-laggers, etc. 


Adenocarcinoma of nasopharynx 

Furniture makers 

Wood-dust 

Angiosarcoma of liver 

Polymerisation-chamber cleaners 

Vinyl chloride monomer 


dust, for example in the manufacture of vehicle 
brake linings and heat insulating material, have 
an unusually high risk of developing pleural or 
peritoneal mesotheliomas and bronchial car- 
cinoma. In the plastics industry, an unusually 
high incidence of an otherwise rare tumour, 
haemangiosarcoma of the liver, has been 
observed in workers producing polyvinyl- 
chloride (PVC). This plastic is not itself 
carcinogenic, but it is manufactured by 
polymerisation of vinyl chloride monomer 
(VCM) which is carcinogenic. The risk is ap- 
parently greatest for workers who clean out the 
polymerisation tanks in which relatively high 
concentrations of residual VCM are inhaled, 
and safety measures have accordingly been 
introduced. 

The risk of industrial carcinogens may 
spread beyond those directly involved in their 
use. For example, the spouses of asbestos wor- 
kers have been reported to have an increased 
risk of asbestos-related cancers, and people 
living close to industrial plants emitting solvent 
vapours (which may contain ketones, alcohols, 
aromatic hydrocarbons, ethers, chlorinated 
hydrocarbons and nitrites), smoke or dust, are 
believed to have an increased incidence of lym- 
phoid and other cancers. A recent study of the 
distribution of respiratory tract cancer in a 
Scottish town revealed a higher incidence 
among those living downwind from a steel 
foundry. Analysis of the polluted atmosphere 
showed relatively high concentrations of sul- 
phur dioxide and of dusts containing com- 
pounds of iron, manganese, nickel, lead and 
cadmium. Similarly, quite apart from the 
, he^ird pf dgarettje smoking, the incidence of 


lung cancer is significantly greater among those 
living in industrial zones than in rural com- 
munities. 

Social factors. The countless ingredients of 
food, use of an ever-increasing number of 
drugs and various social habits are without 
doubt of importance in the causation of cancer. 
Dietary factors are discussed below. Two social 
habits known to cause cancer are cigarette 
smoking and betel chewing. Cigarette smoking 
is very largely responsible for the high inci- 
dence of lung cancer throughout the world: it 
accounts for the death, from carcinoma of the 
bronchus, of approximately 10% of men over 45 
years old in this country (i.e. approximately 40% 
of male cancer deaths). The chewing of betel 
leaves mixed with tobacco leaves and slaked 
lime is widespread in Southern India and South 
East Asia, and is associated with a high incidence 
of cancer of the oral mucosa. It is a depressing 
fact that, although the consequences of these 
two habits have now been known for many 
years, they continue to be largely disregarded. 

The influence of social habits is illustrated 
also by the incidence of breast cancer, which is 
lower in women who have borne children than 
in nullipara and appears to be lower in mothers 
who have suckled their children than in those 
who have used artificial infant foods (but see p. 
979). A curious observation was the higher in- 
cidence of cancer in the left breast than in the 
right among women of the Tanka boat people 
in Southern China. This is possibly due to the 
design of the tunics they wear, which makes it 
easier to feed their infants from the right 
breast. In experimental animals, breast duct 
ligation or excision of the nipple is followed by 
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an increase in cancer in the breast so treated, 
and it is postulated that retained breast secre- 
tions have a carcinogenic effect. 

Dietary factors. The wide variations in diet, 
including the nature and amounts of foods 
eaten, methods of cooking, and the types of 
cooking vessels used, are all likely to influence 
the incidence of cancer, particularly of the ali- 
mentary tract. Additional potential sources of 
carcinogens in food include chemical fertilisers, 
insecticides, organic and inorganic chemicals 
fed to livestock, and chemicals used in the 
preservation of food. Natural diseases of plants 
and animals used as food may also be of im- 
portance, as exemplified by the experimental 
production of liver cancer by feeding aflatoxin, 
a product of the fungus Aspergillus flavus 
which contaminates ground nuts. 

Investigations on carcinoma of the large in- 
testine (colorectal cancer) illustrate how epidem- 
iological and laboratory studies may help to 
elucidate causal factors in cancer (Hill, 1977). 
The incidence of this tumour has been shown 
to be relatively high in technologically ad- 
vanced countries with a high standard of living. 
The incidence in migrant groups who have 
adopted the dietary habits of their new country 
changes from that of their country of origin to 
that of their country of adoption and thus 
genetic factors appear to be unimportant. The 
incidence is approximately the same in both 
sexes, and hormonal factors are unlikely to be 
involved. As regards diet, the incidence shows a 
positive correlation with the total caloric intake 
and with the amount of meat, animal fat and 
protein in the diet, and a negative correlation 
with the amount of vegetable fibre: animal 
foodstuffs are thus in some way responsible. 
Although many dietary ingredients have been 
suspected, current interest is centred on the 
production of carcinogens or co-carcinogens by 
bacteria in the lumen of the large intestine. It 
has been shown that gut bacteria can convert 
dietary factors to substances carcinogenic for 
animals, for example methylazoxymethanol 
from /?-glucoside and N-nitrosamines from 
secondary amines and nitrate. Thus a diet 
which provides a suitable substrate and en- 


courages the colonisation of the colon by par- 
ticular species of bacteria might lead to the 
production of carcinogenic bacterial metabo- 
lites in the gut. A number of such possibilities 
exist: for example, gut bacteria can produce 
carcinogenic or co-carcinogenic metabolites 
from a variety of compounds present in food or 
produced by digestion in the gut, including 
tryptophan, tyrosine, methionine, cycasin and 
cholesterol. The available epidemiological and 
other evidence does not, however, provide 
strong support for an important role of these 
various bacterial metabolites in colorectal 
cancer. Nor can the geographical distribution 
of this tumour be explained readily by the car- 
cinogenic activities of N-nitrosamines, afla- 
toxin (see above) or polycyclic aromatic hyd- 
rocarbons in the diet (although the latter may 
well play a causal role in gastric cancer). 

At present, there is considerable interest in 
the possibility that bacterial metabolites of bile 
acids may be of importance. A correlation has 
been shown between the mean concentration of 
total bile acids in the faeces and the incidence of 
colorectal cancer in the population, and analy- 
sis of the faeces of patients with this tumour 
has shown a higher mean concentration than 
that of controls. A group of bacteria known as 
the nuclear dehydrogenating Clostridia (NDC) 
are capable of desaturating the bile acid nuc- 
leus, producing unsaturated bile acids which 
have been shown in animal studies to act as 
carcinogens or co-carcinogens in the large 
bowel. These bacteria are commonly present in 
the faeces of populations with a high incidence 
of colorectal cancer and rare where the in- 
cidence is low: they are particularly common 
in the faeces of patients with colorectal cancer. 
The effect of diet may thus be to favour a flora 
which includes bacteria capable of converting 
bile acids to carcinogens. It is noteworthy that 
in communities with a high incidence of colo- 
rectal cancer most of the tumours develop in the 
left side of the colon and rectum, and the pro- 
tective action of a diet rich in vegetable fibre may 
be attributable either to its effect on the bacterial 
flora or to more rapid transport of the gut con- 
tents through the lower part of the large intestine. 
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Host reactions in cancer 


The natural history of cancer is not determined 
solely by the characteristics of the tumour cells, 
but also by the host’s reaction to them. As in- 
dicated below, there is good evidence that pro- 
tective host mechanisms exist, and that al- 
though these are very often unsuccessful in 
preventing the growth and spread of malignant 
tumours, and only very rarely bring about their 
complete destruction, they may nevertheless 
restrict the rate of tumour growth and spread 
and contribute to the degree of success 
achieved by various forms of treatment. 

The nature of the host defences is largely 
unknown, but it has been shown that the cells 
of human and animal tumours possess surface 
antigens which are sufficiently foreign to the 
host to stimulate an immune response. This 
important property of tumour cells raises the 
possibility of immunotherapy, and in conse- 
quence there is considerable interest in the im- 
munology of cancer, some of the major fea- 
tures of which are summarised below. 

Experimental animal studies 

Much of the experimental work has involved 
transplantation experiments, and before the 
importance of ‘transplant’ alloantigens was 
appreciated, rejection of transplanted tumours 
was frequently observed, but is likely to have 
been due to histo-incompatibility rather than to 
a tumour-specific reaction. Since the import- 
ance of alloantigens was demonstrated in mice 
by Gorer, the provision, by close inbreeding, of 
syngeneic strains of mice and rats has greatly 
facilitated experimental cancer research, not 
only by eliminating the ‘transplant’ antigens as 
a cause of rejection, but also by excluding other 
genetically-determined variables. 

Specific immune responses to tumours 

The elimination of cancer cells by a specific 
immune reaction on the part of the host re- 
quires (1) that cancer cells exhibit antigens to 
which the host is capable of mounting an 
imm u n e response, and (2) that the products of 
the host immune response — antibodies and/or 
specifically reactive T lymphocytes — are cap- 
^i^ctf effecting destruction of the tumour cells, 
tt meee conditions are fulfilled, it must further 


be asked why tumours grow and spread in spite 
of the host’s immunity, and whether the bal- 
ance can be tilted in favour of the host. 

Tumour-cell antigens. To render a tumour cell 
susceptible to an immune reaction, the tumour 
cell antigens must be exposed on the cell sur- 
face, and must also be sufficiently foreign to 
stimulate an immune response; this excludes 
those surface antigens which, although present 
on tumour cells, occur also on the host’s 
normal cells. Thus species- and organ-specific 
antigens, ‘transplant’ antigens (e.g. those of the 
H2 system in mice and of the HLA system in 
man) and blood-group antigens are all found 
(although often in reduced concentration) on 
tumour cells, but none of them is tumour- 
specific. There are, however, surface antigens 
on tumour cells which cannot be detected on 
normal cells: they are capable of eliciting 
immune responses and reactions and are some- 
times called tumour-specific transplantation 
antigens (TSTA). In experimental car- 
cinogenesis, these apparently tumour-specific 
surface antigens are largely dependent on the 
agent which has induced the tumour. All tum- 
ours produced by any one oncogenic virus have 
been found to have relatively strong common sur- 
face antigens. These include antigens which, al- 
though coded for by the viral genome, are not a 
structural component of the virion, and also, in 
the case of C-type viruses, antigens of the virus 
envelope which consists of modified host-cell- 
membrane (p. 306). It follows that antibody or 
primed T-lymphocytes reactive with these 
virus-coded antigens on a particular tumour 
should be reactive with the cells of all tumours 
produced by the same virus. By contrast, tum- 
ours induced by chemical carcinogens or by phy- 
sical agents have only weak common antigens ; 
they develop stronger tumour-specific surface 
antigens, but these differ for each tumour, even 
when multiple tumours have been produced in 
the same tissue of the same animal by the same 
carcinogen. 

Immune responses to tumour-specific antigens. 
Both antibodies and cell-mediated immunity 
have been demonstrated, by in-vitro techniques, 
to develop in animals bearing tumours. In 
general, these responses are more readily de- 
monstrable when the tumour is small, and as it 
enlarges and spreads they tend to diminish and 
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disappear. They are readily demonstrable after 
excision of the tumour and then gradually 
dimini sh unless the tumour recurs or is re- 
introduced into the animal. 

Effects of the immune response to tumours. 
Although tumours grow in spite of the host 
immune response, under experimental condi- 
tions a protective effect can sometimes be de- 
monstrated. For example, when tumour cells 
are injected into a histocompatible animal, a 
certain minimal number of cells (which varies 
with the particular tumour and with the age of 
the animal) is required to produce a tumour. 
This alone shows that the animal can destroy a 
limited (sub-threshold) number of tumour cells. 
Moreover, in an animal already bearing a 
tumour, the number of tumour cells of the 
same type which must be injected to produce a 
second tumour is often considerably greater 
than the threshold dose for a normal animal. 
This apparent paradox — that the animal can 
destroy an oncogenic dose of injected tumour 
cells while its original tumour continues to 
grow — has not been satisfactorily explained. 

There is also evidence that animals can be 
actively immunised against tumours, e.g. by 
injecting (a) a sub-threshold dose of tumour 
cells, (b) a larger dose of tumour cells previ- 
ously rendered incapable of dividing by radia- 
tion or cytotoxic drugs, or (c) membrane pre- 
parations of tumour cells. Animals so-treated 
are capable of rejecting a normally oncogenic 
dose of cells of the corresponding tumour. Pro- 
tection against virus-induced tumours can also 
be provided by immunising against the virus. 
Only partial protection is provided by these 
procedures: it varies from tumour to tumour 
and can be overcome by injecting large num- 
bers of tumour cells. 

Experimental evidence indicates that im- 
munological defence against solid tumours is 
attributable mainly to cell-mediated immunity 
and little, if at all, to antibody. For example, 
when lymphocytes from an animal which has 
been immunised to a tumour (as described 
above) are transferred to a second, syngeneic 
animal, they afford some protection against 
challenge with the same tumour: antibodies 
give little or no protection. 

As already noted, antibodies are probably 
capable of killing free tumour cells in the blood 
and in exudates in the peritoneal cavity etc. 
This may result from the susceptibility of anti- 
body-sensitised cells to the lytic effect of com- 


plement, to phagocytosis and destruction by 
macrophages, and to the cytotoxic effect of K 
(antibody-dependent cytotoxic) cells (p. 152). 
Antibodies may thus play a role in preventing 
the formation of metastases by cancer cells 
gaining entry to the blood, serosal cavities, etc. 
However, as explained below, in some circum- 
stances antibodies may actually enhance the 
growth of tumour cells. 

The mechanism of destruction of tumour 
cells by specifically primed T-lymphocytes (Fig. 
11.12) may be a direct cytotoxic effect requiring 
contact between the lymphocyte and target cell 
(p. 157) or may be mediated by lymphokines, 
including those which attract, immobilise and 
enhance the phagocytic and killing capacities of 
macrophages, and also by the specific arming 
of macrophages (p. 159). 

Enhancement and ‘blocking’ factors. The in- 
jection into animals of antibody to the surface 
antigens of tumour cells has been observed, 
under certain conditions, to reduce the dose of 
the tumour cells necessary to cause a tumour, 
and to enhance the growth of a previously-im- 
planted tumour. This experimental enhancement 
of tumour growth is antigen-specific; it is 
closely similar to the protection of tissue allo- 
grafts by antibody (p. 167) and appears to be 
due to the antibody combining with antigen on 
the surface of the tumour cells and thus pro- 
tecting them from attack by specifically primed 
lymphocytes. In other words, the antibody 
blocks the delayed hypersensitivity reaction of 
T lymphocytes with the tumour cells. In 
animals with large and progressing tumours, 
blocking factors have been detected in the 
serum; they have been shown to interfere with 
the killing of tumour cells in vitro by specifi- 
cally-primed lymphocytes. It now seems un- 
likely that these are antibodies, for they dis- 
appear rapidly from the blood after excision of 
the tumour, at a time when the level of anti- 
body increases. Other possibilities are that the 
blocking factors are free antigen molecules shed 
by the tumour cells as part of the normal turn- 
over of plasma membrane constituents, or 
such antigens combined with antibody, i.e. 
immune complexes. Ffee antigen or immune 
complexes are capable of combining with the 
tumour-specific receptors on the surface of T 
lymphocytes or ‘specifically armed’ macro- 
phages, thus preventing them from reacting 
with tumour cells: immune complexes might, in 
addition, bind to the Fc receptor sites of ‘K’ 
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Tumour- specific 



Fig. 11.12 Immunological cytotoxic mechanisms 
which may injure the cancer cell, and blocking 
factors which may protect the cell from im- 
munological attack. The cancer cell may be killed by 
the reaction of cytotoxic T lymphocytes (A), or speci- 
ally-armed macrophages (B), with tumour-specific 
surface antigen. Antibody (C) and antigen-antibody 
complexes in antibody excess (D) may protect the 
cancer cell from T lymphocytes and macrophages by 
binding to and blocking its surface antigens. Anti- 
body and complexes may also promote cytotoxicity 
by complement, macrophages or K cells, but these 
effects seem to be of little or no importance except 
perhaps on free cancer cells in the circulation or in 
serosal exudates. Immune complexes in antigen 
excess (E) or free antigen (F) shed by cancer cells 
may block the specific binding sites on T lym- 
phocytes or specifically-armed macrophages. 

lymphocytes or macrophages, thus inhibiting 
their antibody-dependent cytotoxic activity for 
the tumour cells. These phenomena are shown 
diagramatically in Fig. 11.12. 

Immunology of cancer in man 

Once a cancer has spread beyond the possibility 
of excision, it usually progresses, and eventually 
proves fatal. This applies to most but not all 
types of human cancer. There are, however, 
considerable variations in the rate of growth, 
even for tumours of the same type and his- 
tological appearances. In patients with car- 
cinoma of the breast, for example, surgical 
excision is sometimes followed by many years 
of normal health, but with subsequent re- 
appearance and relatively rapid growth of tum- 
our in the operation scar or of metastases: this is 
Sometimes observed also with some other can- 
rarely, complete spontaneous regres- 
canceroecurs. Partialregresskm 'is 


more common, and it is not very unusual for 
patients with metastatic melanoma to have no 
obvious primary tumour: examination some- 
times reveals an area of skin depigmentation 
which on histological examination shows evi- 
dence of a regressing malignant melanoma. 

Observations of the sort outlined above 
suggest that defence mechanisms against cancer 
can develop in the host, and that in some in- 
stances these are partially (and rarely fully) 
effective. The nature of host defence in these in- 
stances is unknown, but there is circumstantial 
evidence that specific immune responses may 
influence the course of some tumours. In the 
rapidly growing form of breast cancer termed 
encephaloid cancer, for example, a favourable 
prognosis following excision has been reported 
to show some correlation with lymphocytic in- 
filtration of the cancer, and this suggests that a 
delayed hypersensitivity reaction, or possibly 
antibody-dependent lymphocyte cytotoxic acti- 
vity, is involved. Seminoma, a rapidly growing 
carcinoma originating in the germinal epith- 
elium of the testis, is very commonly infiltrated 
with large numbers of lymphocytes and may 
also contain tubercle-like macrophage granulo- 
mas, both of which are consistent with a 
delayed hypersensitivity reaction. This may 
help to explain why the cure-rate is unusually 
high for such a rapidly progressing cancer: even 
when there is extensive metastasis, radio- 
therapy is often curative. A third example of a 
cancer which is often highly susceptible to ther- 
apy is choriocarcinoma arising from the pla- 
cental trophoblast. Although it grows and 
spreads very rapidly, this rare tumour can often 
be destroyed by cytotoxic drug therapy. It is, 
however, unique among human tumours, in 
being a tumour of fetal tissue which grows in 
the mother; the tumour cells thus have HLA 
antigens which are inherited from the father 
and are foreign to the maternal host, so that 
allograft rejection is likely to contribute to the 
success of therapy. 

Immune responses. As in animal studies, anti- 
bodies and lymphocytes which react specifically 
with tumour cells have been demonstrated by in 
vitro techniques in patients with various types of 
cancer. They react with the patient’s own 
tumour cells, with the cells of other tumours of 
similar type, and with cell lines derived from 
such tumours. This sharing of common anti- 
gens by similar tumours in different individuals 
is consistent with, but not strong evidence of, a 
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viral aetiology. Antibodies and cell-mediated 
immunity to the tumour cells are most often 
detectable in patients with early cancer, and 
tend to diminish as the tumour enlarges and 
spreads. Blocking factors, similar to those in 
animals (see above) also appear in the blood, 
particularly when the cancer is advanced. These 
observations are based on recent work, and the 
prognostic significance of fluctuations in the 
immune responses is not yet known. In a study 
of neuroblastoma, a malignant tumour of in- 
fancy and early childhood, which regresses 
completely much more often than most other 
cancers, Dr. Lindsay Morrison, working in 
Glasgow, has demonstrated the development in 
patients of antibody and cell-mediated im- 
munity to the tumour, but in this instance the 
immune response does not appear to correlate 
with spontaneous regression. The antigenic pre- 
parations in such investigations have consisted 
of whole tumour cells or crude homogenates or 
extracts, and the tumour-specific cell-surface 
antigens have not yet been fully characterised. 
Like HLA antigens, they have been reported 
to contain a j? 2 -microglobulin chain. 

Oncofetal antigens are so called because they 
were first detected as products of cancers and 
of fetal tissues. Sensitive radio-immunoassay 
techniques have, however, detected low levels 
of them in normal adult serum and tissues and 
in raised amounts in some patients with cancer 
or with non-neoplastic cellular proliferation. 
The serum level of carcino-embryonic antigen 
(CEA) is raised in many patients with colorec- 
tal or various other cancers and in some pati- 
ents with hepatitis, chronic bronchitis or ulcer- 
ative colitis etc. Raised levels of a -fetoprotein 
(AFP) are relatively specific for liver-cell cancer 
and malignant teratoma but occur also in some 
patients with other forms of cancer or hepatitis 
etc. Alpha-fetoprotein assay is of value in the 
ante-natal detection of neural tube defects (p. 
772). 

Immunological surveillance 

The concept of immunological surveillance 
was advanced by Burnet, who postulated that 
one function of T lymphocytes is to monitor 
host cells and respond immunologically against 
any which have developed surface antigens 
foreign to the host. By this means, it is con- 
ceivable that many (perhaps most) malignant 
cells are destroyed before they are capable 


of developing into a tumour. As regards 
experimentally-induced tumours, there is little 
evidence that this hypothesis applies to those 
caused by chemical carcinogens, for such tum- 
ours are produced no more readily in im- 
munosuppressed animals, or in congenitally 
immunodeficient (nu nu) mice than in normal 
animals (Stutman, 1979) Immunological sur- 
veillance is, however of considerable import- 
ance in preventing virus-induced tumours in 
animals. This is illustrated by the ease with 
which such tumours can be induced in neonatal 
mice, which are immunologically immature, 
and in adult immunosuppressed or immuno- 
deficient mice. Protection of neonates or im- 
munodeficient mice is also afforded by transfer 
of syngeneic lymphocytes from an animal im- 
munised against the virus-induced tumour. 
Indeed, immunosuppression by the oncogenic 
virus itself, as in the case of feline leukaemia 
virus, predisposes to tumour production. 

As regards cancer in man, there is also some 
evidence favouring immunological surveillance, 
for children with certain congenital im- 
munodeficiencies, and renal transplant recipi- 
ents receiving long-term immunosuppressive 
therapy, have an increased incidence of cancer. 
However, the tumours arising in such patients 
do not reflect the natural incidence of cancer in 
the general population. The increased incidence 
is greatest for tumours of the lymphoreticular 
system (lymphomas and lymphoid leukaemias). 
These include tumours similar to those induced 
in animals by the leukaemia viruses, and it thus 
seems likely that such tumours in man, as in 
animals, are susceptible to immunological sur- 
veillance. 

The most likely example of effective im- 
munological surveillance in man is provided by 
infection with the Epstein-Barr virus (p. 304) 
which in normal individuals induces a strong 
immune response on the part of T cells, and 
does not cause cancer. In African children with 
chronic malaria, which depresses the immunity 
system, infection with EB virus is associated 
with the development of the Burkitt lym- 
phoma, and in the Southern Chinese, in whom 
genetically-determined immunological re- 
sponsiveness may play a role, the virus is asso- 
ciated with nasopharyngeal carcinoma. 

In the past few years, there has been increas- 
ing interest in the possibility that im- 
munological surveillance is a function of ‘natu- 
ral killer’ (NK) lymphocytes, which are present 
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in the blood of normal animals, including man. 
NK cells can react with and kill foreign cells, 
including tumour cells, apparently without the 
need for previous immunological priming (see 
Herberman and Holden, 1978). The nature and 
importance of NK cells are not yet established. 

It has been claimed recently that their reaction 
with foreign cells depends on surface antibody 
bound to the NK cell by its Fc receptors (Taka- 
sugi and Akira, 1979). If this is correct, it is not 
clear how NK cells differ from K cells. 

It may be significant that most cancers occur 
in old age, for there is no doubt that immune 
responsiveness declines in the elderly, but pro- 
longed exposure to environmental carcinogenic 
factors and the long latent period of human 
cancers could also account for the age inci- 
dence. Tests for immune responsiveness to vari- 
ous antigens have not, in general, revealed 
immunodepression in patients with early cancer 
as compared with age-matched control sub- 
jects. Advanced cancer patients commonly 
show evidence of immunodepression, but this is 
most obvious in those with tumours which 
invade and destroy the lymphoid tissues, and is 
likely to result from the cancer. 

The prospect of Immunotherapy. The possi- 
bility of immunotherapy for cancer has been 
appreciated since the early 1900s. The advances 
in tumour immunology outlined above have 
strengthened the scientific basis of such treat- 
ment, but they have also demonstrated that, in 
spite of the occurrence of anticancer immune 
responses in many patients, their tumours still 
progress and cause death. It remains possible, 
however, that boosting the immune response 
might have some therapeutic effect. The ad- 
ministration of immunological adjuvants, such 
as BCG, Corynebacterium parvum and Levamis- 
ole, has been attempted in various neoplastic 
conditions, and has been claimed to have some 
effect in acute lymphoblastic leukaemia: in 
other neoplastic conditions the results have so 
far been disappointing. Various attempts have 
also been made to stimulate active specific 
immunity by implanting pieces of tumour 
which have been excised and treated with x- 
irradiation to prevent the cells from dividing. 
Such a procedure is not very hopeful, for if the 
patient’s tumour does not stimulate effective 
immunity it seems unlikely that the implanted 
.cells will do so, but it remains possible that, by 
awreasiogthe antigenicity of the implanted 


homologous tumour with its ‘foreign’ trans- 
plant antigens, the immune response to the rele- 
vant tumour antigens may be augmented. 
Attempts have also been made to provide pas- 
sive immunity by transplanting tumour to a 
volunteer in the hope that therapeutically 
effective antibody will be produced. On at least 
one occasion, the volunteer failed to reject the 
transplanted tumour, which proved to be fatal. 
The therapeutic value of lymphocyte products, 
and of interferon (p. 194), are being in- 
vestigated. 

Immunotherapy of cancer patients faces at 
least three major difficulties. Firstly, excision of 
an early cancer may effect a cure. It is not pos- 
sible, at present, to identify those patients who 
will develop recurrences, and it therefore seems 
unjustifiable to apply to early cancer patients a 
form of therapy which is of unknown value. 
Accordingly, attempts at immunotherapy have 
mostly been made on patients with advanced 
cancer, when it is likely to be too late. 
Secondly, there is no guarantee that active 
immunisation will induce immune responses 
which contribute to the destruction of the 
tumour. There is, in fact, a risk of inducing the 
production of ‘enhancing’ antibody (p. 315) 
and thus increasing the rate of tumour growth. 
Thirdly, problems in assessing the results of 
any form of cancer therapy arise from the 
natural individual variations in the rate of 
growth and spread of cancer. In consequence, 
any trial of therapy must usually be extensive. 

Attention has also been given to the possi- 
bility of vaccines to prevent cancer, and this has 
been achieved in feline leukaemia (p. 307). If it 
could be shown that some forms of human 
cancer are due to particular oncogenic viruses, 
imm unisation against the virus, or against tum- 
ours induced by it, should be possible, but it 
would still be necessary to identify those indivi- 
duals likely to develop that form of cancer 
unless one is prepared to immunise whole 
populations. 

Finally, the induction of a delayed hypersen- 
sitivity reaction at the site of a tumour has been 
used as a method of tumour destruction. This 
has achieved some success in the treatment of 
epidermal tumours, notably basal cell car- 
cinoma. The patient is sensitised by application 
to the skin of an agent which induces cell- 
mediated immunity, e.g. dinitrochlorobenzene 
(DNCB) and subsequently DNCB is applied to 
the tumour and surrounding skin: a delayed 



hypersensitivity reaction develops, and may be 
successful in destroying the tumour. Two mech- 
anisms may be involved: firstly, the delayed 
hypersensitivity reaction, if intense, causes nec- 
rosis of normal cells (as in tuberculin skin test- 
ing — p. 157) and may similarly induce necrosis 
of the tumour. Secondly, macrophages accum- 
ulate and become more actively phagocytic and 
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cytotoxic for foreign cells (including cancer 
cells) unrelated to the antigen which has in- 
duced the delayed hypersensitivity reaction. 
Similarly, attempts have been made to destroy 
tumours by immunising the patient with BCG 
(p. 209) and injecting the tumour with either 
BCG or tuberculoprotein. 


What makes the cancer cell multiply? 


Although we are aware that many agents can 
cause individual cancers, we know neither how 
they induce the essential change in the cell 
which makes it a cancer cell, nor indeed what is 
the exact nature of this change. This last sec- 
tion will review briefly the major theories which 
attempt to account for the most characteristic 
feature of the cancer cell — its property of mul- 
tiplying regardless of the mechanisms which 
govern the behaviour of the normal cell. 

Cell surface changes. The inherent nature of 
the cancer cell abnormality is reflected in its 
loss of contact inhibition when grown in cul- 
ture (p. 302), a phenomenon which points to an 
abnormality of the cell membrane. 

It has been shown that most types of tissue 
cell form gap junctions, through which there is 
continuity of the cell sap of adjacent cells. 
These connections may be of importance in 
transmitting signals from cell to cell, for cancer 
cells in general lack gap junctions. The surface 
of cancer cells also carries a higher negative 
charge than most normal tissue cells, and in- 
creased mutual repulsion may thus interfere 
with the adhesion and contact inhibition of 
cancer cells. 

Two other cell membrane components of 
possible importance in the mitotic activity of 
cancer cells are proteins and sugar residues, e.g. 
N-acetylglucosamine, on the cell surface. It is 
known that mitosis is associated with some loss 
of surface protein, and normal tissue cells in 
culture can be induced to multiply by treatment 
with trypsin: after mitosis, however, the daugh- 
ter cells develop surface proteins and contact 
inhibition is restored. By treating cancer cells in 
culture with compounds which bind to surface 
N-acetylglucosamine, contact inhibition can 
be restored and the cells cease to multiply. It is 
postulated that exposed sugar residues on the 


cell surface are involved in the signal which sti- 
mulates cells to multiply, and that surface pro- 
tein in some way inhibits this role of the sugar 
residues. 

The signal at the cell surface appears to be 
relayed within the cell by its effect on intracel- 
lular cAMP, the level of which falls during 
mitosis, and cGMP, which rises. Malignant 
cells have, in general, low concentrations of in- 
tracellular cAMP, addition of which to trans- 
formed cells in culture can inhibit their growth. 

A defective response to chalones (p. 86) has 
also been postulated to account for prolifera- 
tion of cancer cells, but is at present little more 
than speculative. 

Whatever the nature of the essential change 
in the cancer cell, it is obviously transmitted to 
the daughter cells during mitosis, and this 
raises two possibilities. Firstly, that car- 
cinogenesis involves mutations, i.e. abnor- 
malities in the genome of the cell, and secondly 
that the cancer cell represents abnormality or 
reversal of differentiation ( the epigenetic theory). 

The mutational theory of carcinogenesis 

This proposes that the altered behaviour of the 
cancer cell arises from mutation. In support 
of this theory, most chemical and physical car- 
cinogenic agents are mutagenic, chromosomal 
anomalies are a common feature of cancer, and 
oncogenic viruses bring about their effects by 
the activity of a viral oncogene integrated into 
the cell DNA, which itself could be regarded 
as the equivalent of a mutation. However, 
we have seen that carcinogenesis is usually a 
gradual process. With the exception of some of 
the oncogenic viruses, carcinogenic agents bring 
about gradual changes in the cell, illustrated 
above by the effect of azo-dyes on liver cells (p. 
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300). If mutation is the essential change in car- 
cinogenesis, then it is necessary to postulate a 
series of mutations. 

Related to the mutation theory is the on- 
cogene theory. As already noted, the proviruses 
of endogenous oncogenic retraviruses (p. 309) 
are demonstrable in the normal cells of various 
vertebrates. In such cells, the oncogene of the 
provirus is inactive: the oncogene theory pro- 
poses that carcinogenic agents bring about can- 
cerous transformation by inducing changes 
which result in expression of the proviral on- 
cogene. This might conceivably occur without 
expression of other proviral genes, in which 
case there would be little or no evidence of the 
role played by the endogenous virus. If, how- 
ever, the virogene is fully expressed, then viral 
products are likely to be detectable in the 
cancer cell, and unless the provirus is deficient 
(p. 306), the development of cancer would be 
associated with viral replication, as occurs with 
some of the leukaemia viruses. 

The epigenetic theory of carcinogenesis 

Although the mutation theory of cancer is 
widely favoured, it must be emphasised that 
heritable changes in cells occur without muta- 
tions. With the exception of committed lympho- 
cytes and their progeny (pp. 126-9), all somatic 
cells are believed to possess the whole genome 
of the individual, and this has been supported 
by the growth of plants from single cells and 
the development of a normal frog when the 
nucleus of a fertilised frog ovum is replaced by 
a frog’s somatic cell nucleus. Nevertheless, 
during differentiation, the somatic cells develop 
special features which characterise them as neu- 
rons, liver cells, fibrocytes, etc., and this dif- 
ferentiation is retained by its descendants when 
the differentiated cell divides. It is thus conceiv- 
able that the special features of the cancer cell 
have developed as a result of reversal of the 
process of differentiation, or of abnormal dif- 
ferentiation of a primitive stem cell. While at 
first sight the cancer cell might appear to have 
gained positive properties — increased mitotic 
activity, motility, invasiveness, production of 
inappropriate and excessive amounts of hor- 
mones, etc. — these may, in fact, represent loss 
of cell components and consequent failure of 
normal homoeostasis. As noted above, un- 
fjCmtixMsd growth of cancer cells appears to be 


closely associated with loss of a surface pro- 
tein. Similarly, production of excess of hor- 
mones or of inappropriate hormones could be 
due to loss of the suppressor mechanism for a 
particular gene. Such loss of controlling factors 
could be explained by a particular pattern of 
gene expression, i.e. a form of differentiation, 
without the need to postulate mutations. 

A number of phenomena support the epi- 
genetic theory of cancer (Uriel, 1979). For ex- 
ample, some undoubtedly malignant tumours 
stop growing and their cells become highly dif- 
ferentiated. A good example is the neuro- 
blastoma, whose cells may develop into mature 
neurons. This is a rare happening, but even in 
the common squamous carcinoma many of the 
tumour cells stop dividing and become highly 
keratinised (Fig. 12.13, p. 329). Malignant cells 
in culture can also, in some instances, be made 
to regain contact inhibition and other features 
of normal cells by addition to the culture 
medium of various chemicals, e.g. 5-bromo- 
deoxyuridine. Of particular interest is the de- 
demonstration that replacement of the nucleus 
of a fertilised frog’s ovum (see above) by the 
nucleus of cells from a Lucke carcinoma (a 
virus-induced renal cancer of the frog kidney), 
does not result in the growth of a tumour cell- 
line but of a normal tadpole. This implies that 
the normal fertilised ovum and its progeny con- 
tain cytoplasmic factors which can suppress the 
activity of an integrated viral oncogene, and 
that the cancer cell lacks such factors. Other 
important findings have arisen from the im- 
plantation of malignant cells from mouse 
gonadal teratomas (tumours derived from prim- 
ordial germ cells of the mouse testis or from 
parthenogenetically activated ova) into mouse 
blastocyst embryos. The malignant cells divide 
during embryonic development, producing cells 
which differentiate normally and contribute to 
the formation of several tissues. By contrast, 
when the teratoma cells are implanted into 
adult mice, they produce a teratoma. It is thus 
apparent that, in this instance, the environment 
of the embryo induces normal behaviour in the 
malignant cells. 

While of limited scope, experiments such as 
those described above indicate the need for fur- 
ther studies on the relative importance of 
nuclear and extra-nuclear changes in carcino- 
genesis. 



In conclusion 

The essential nature of carcinogenesis — muta- 
tions, epigenetic changes or oncogenes— has 
not been settled. It may well be that more than 
one type of fundamental cellular change can 
result in cancer. The protective host factors are 
really no better understood: immunological 
surveillance appears to play an important role 
in some of the human lymphomas, and by 
analogy with animal studies this suggests a 
viral aetiology for these tumours. 

So far, experimental studies on the funda- 
mental nature of cancer have contributed little 
to cancer prevention in man, but detection and 
elimination of exposure to chemical and phys- 
ical carcinogenic agents has without doubt 
achieved considerable success. The curtailment 
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of such habits as cigarette smoking and betel 
chewing could also prevent huge numbers of 
cancers. 

In many countries, cytological screening for 
uterine cervical pre-malignancy appears to have 
reduced the incidence of invasive cancer, and 
the earlier detection of cancer of the breast and 
some other sites is being attempted by educa- 
tion and screening of the public. 

Once cancer has developed and spread far 
beyond the possibility of complete removal, 
symptomatic relief of pain may be offered by 
radiotherapy and cytotoxic drugs, or in some 
instances by hormonal therapy; such therapy 
may slow down or even for a while arrest the 
growth of the tumour. Complete cure of ad- 
vanced malignancy is, however, a rarity except 
in a few particular types of cancer. 
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Tumours: II. Epithelial Varieties and Modes 
of Spread 


After the introductory account of tumours in 
the last chapter, we turn for the next two chap- 
ters to the more practical questions of what 
kinds of tumour occur in man, what they look 
like and how they behave. There are many 
aspects of tumours that are best described as 
part of the pathology of the organs from which 
they are derived: these chapters are concerned 
with aspects of more general application, 
though they will be found to include also de- 
scriptions of a number of specialised tumours, 
usually because they illustrate some general 
principle. 

Classification 

In the introduction to the previous chapter the 
distinction between benign and malignant tu- 
mours was discussed in some detail. We must 
now use the other chief mode of classification, 
the histogenetic, which is based on the tissue of 
origin. We may conveniently distinguish tu- 
mours of: 

(a) epithelium; 

(Jb) connective tissues (including muscle); 

(c) blood vessels and lymphatics; 

(d) the nervous system; 

(e) lymphoid and haemopoietic tissue; 

(f) other tissues. 

Of these, the epithelial tumours are over- 
whelmingly the commonest and are responsible 
for 90 per cent of all cancer deaths in this 
country. This first chapter will be devoted to 
them alone. 

General features of epithelial tumours 

Epithelium has two essential characteristics 
vtuch are carried over intp its tumours. 

'1 ; ferns' ^ cxHTrimtow®- : or masses of 


cells of similar type, which adhere together 
without any intervening intercellular structures 
(Fig. 12.1). This adherence of the cells into 
larger or smaller groups is retained as an indi- 
cation of an epithelial origin even in tumours 
which have lost all the other distinctive features 
of epithelial cells. 



Fig. 12.1 The junction between two epithelial cells 
showing their close apposition. Two zones of adher- 
ence (desmosomes) are seen as double lines of in- 
creased density of the cell membranes. Desmosomes 
are observed in the cells of malignant epithelial tu- 
mours, but are reduced in number or defective with 
consequent weakening of cell adhesion, x 40 000. 

(b) It requires a stroma of connective tissue 
and blood vessels for its support and nourish- 
ment. This is equally necessary for tumour epi- 
thelium, and all epithelial tumours appear to be 
able to stimulate the local connective tissues 
and blood vessels to proliferate and supply a 
stroma which surrounds and supports the epi- 
thelial cell groups. This ‘desmoplastic reaction’, 
as it is called, varies in degree; it is often in- 
adequate, so that much of the tumour dies 
from ischaemia, but it is sometimes excessive, 
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so that the fibrous stroma becomes more con- 
spicous than the epithelium (‘scirrhous’ tu- 
mours, so-called). We know very little about 
the way in which the tumour cells influence the 
development of connective tissue. As so often 
in cancer studies, the basic problem is a much 
wider one: the relationship between epithelium 
and connective tissue is established as a conve- 
nient form of organisation in a large part of the 
animal kingdom, and we know little of its basic 


mechanism. The cancer cells are simply exploit- 
ing a normal process. 

The way in which an epithelium is organised 
naturally affects profoundly the structure of the 
tumours to which it gives rise, and this is espec- 
ially marked in the case of the slow growing 
and well-differentiated benign tumours. Epithe- 
lia which cover surfaces generally give rise to 
papillomas; epithelia of exocrine or endocrine 
glands, and of solid organs like the liver and 
kidneys, give rise to adenomas. 


Benign Epithelial Tumours (Papillomas and Adenomas) 


Papillomas 

If one considers what will happen to a sheet of 
epithelium such as the epidermis when its cells 
have begun to multiply, it is clear that the first 
effect will be to thicken the layer. But since this 
is limited by the extent to which nutriments can 
diffuse from the underlying blood vessels, the 
tumour cells must soon spread in other direc- 
tions. So long as the tumour is benign, they do 
not spread downwards into the underlying 
tissue, and so the epithelium must increase in 
thickness or in surface area. Most often it in- 
creases in both. The effect of increase in area is 
most readily understood if one tries to visualise 
the epithelium as a sheet of cloth which is 
pinned down at the edges and then increased in 
area; it is obvious that it will be thrown into 
folds. If the increase is in one dimension only, 
the folds will be regular pleats, but since in a 
benign epithelial tumour it occurs in two 
dimensions simple folding cannot occur, and 
the result is an irregular mass of peaks and hol- 
lows. Where the epithelium is raised into peaks, 
the underlying connective tissue proliferates 
and accompanies it, forming a fibrous core (the 
‘desmoplastic reaction’ in effect) and the epi- 
thelium covering it remains well nourished and 
continues to grow. Since each peak is compres- 
sed by the other peaks around it, it can only 
grow upward, producing a higher peak which 
may finally become a long finger-like process, 
or frond. The resulting mass of ‘papillae’ con- 
stitutes a papilloma. 

If such a papilloma arises in a squamous 
epithelium the processes are naturally covered 
by squamous epithelium, thickened but other- 


wise not grossly abnormal. They are well seen 
in a papilloma of the skin (Fig. 12.2), the com- 
monest form of which is the virus-induced wart 
of children. 



Fig. 12.2 Papilloma of muco-cutaneous junction of 
lip, showing branching processes of connective tissue 
covered by stratified epithelium, x 10. 


The transitional epithelium of the urinary 
tract produces papillomas covered by transi- 
tional epithelium, in which the papillary pro- 
cesses are often very numerous, long and thin: 
such tumours are sometimes called villous 
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papillomas.' 11 (Figs. 12.3 and 12.4). This is pos- 
sibly due, not to any special characteristic of 
the epithelium, but to the environment provi- 
ded by the bladder, in which the fronds of the 
papilloma float like seaweed in a sheltered bay: 
similar complexity is seen in the rare choroid 
plexus papillomas which float in the cerebro- 
spinal fluid. 



Fig. 12.3 Papilloma of bladder, showing innumer- 
able delicate fronds, which are covered by transi- 
tional epithelium. A stalk, as seen in this case, is 
often absent. It is unusual for a bladder papilloma as 
large as this to be completely benign, x 4. 

Epithelium lining ducts, e.g. of the breast, 
can give rise to papillomas (Fig. 12.5) and vill- 
ous papillary tumours arise also from the sur- 
face epithelium of the large intestine (Fig. 12.6), 
although here it is commoner to find more 
complex tubulovillous tumours (described on p. 
327). 

The papillary structure of papillomas is not 
usually obvious to the naked eye, though the 
educated naked eye may recognise it. In most 
skin papillomas it is hidden by the thick homy 
layer of keratin which develops on the surface, 
filling up the gaps between the fronds and pro- 
ducing a rough dry hard surface in which only 
an ill-defined cauliflower pattern gives a hint of 
the underlying structure. The result is a well 
defined little lump, usually round, always pro- 
jecting above the surface (except for the plantar 
wart on the sole of the foot, where pressure 
flattens it) and at times slightly polypoid — i.e. 
paving a slight neck between it and the skin 
level. The villi of excised bladder papillomas 

Wwf 1 &&qb haur-hke process. 



Fig. 12.4 Papilloma of bladder. Section of the tip 
of a single process, showing a narrow core of con- 
nective tissue, including capillaries, covered by transi- 
tional epithelium. The epithelium is rather thicker 
and has rather more cells than normal, but differ- 
entiation is still excellent, x 200. 

are difficult to recognise by naked-eye; unless 
the excised tumour is submerged in fluid, they 
collapse against each other and leave nothing 
but a somewhat velvety surface to indicate then- 
true nature. Seen in situ with a cystoscope, or 
examined with a lens under saline, the fronds 
will be obvious. The fronds are even harder to 
see in the soft velvety plaques of a villous 
tumour of the rectum, and a dissecting micro- 
scope may be necessary. 

Adenomas 

Adenomas are benign epithelial tumours of 
glandular origin and often retain some secre- 
tory function. They occur more commonly, in 
general, in the endocrine than in the exocrine 
glands, though the commonest of all are the 
tubular adenomas (adenomatous polyps) aris- 
ing from the mucosa of the large intestine. 
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Fig. 12.5 Papilloma of the breast, growing into and 
distending a duct near the nipple, x 4. 


gerhans and the adrenal medulla, all of which 
usually reveal their presence by excessive secre- 
tion of one or more of the appropriate hor- 
mones of the parent gland. Some adenomas of 
the adenohypophysis, thyroid and adrenal 
cortex behave in this way, although most such 
tumours do not function sufficiently to cause 
hormone imbalance. As with tumour cell func- 
tion in general, the secretory activity of most 
endocrine adenomas is not subject to control 
by the normal feedback mechanisms. 

In all these glandular tissues an adenoma 
usually appears as a rounded or lobulated 
nodule, generally solid and of the same colour 
as, or paler than, the surrounding tissue (Fig. 
12.7). It is enclosed in a fibrous capsule, usually 
thin, and resulting from pressure atrophy of the 
surrounding glandular tissue and condensation 
of its stroma (Fig: 12.8). Adenomas range in 
size from the microscopic to over 10 cm in dia- 
meter, but most of those of the endocrine 
glands, with the exception of thyroid aden- 
omas, are less than 2 cm in diameter. 

As might be expected from their functional 
activities, the cells of endocrine adenomas re- 


Fig. 12.6 Papillary tumour of rectum. The struc- 
ture is obviously similar to that of the bladder papil- 
loma, but a higher power would show that the cover- 
ing epithelium is of columnar type. The majority of 
benign tumours of colorectal epithelium are of 
mixed papillomatous and adenomatous structure 
and are rather misleadingly termed adenomas, x 3. 


Adenomas of endocrine glands 

These are of particular importance because 
many are capable of excessive hormonal secre- 
tion. This is a particularly common feature of 
adenomas of the parathyroid, the islets of Lan- 



Fig. 12.7. An adenoma of the thyroid gland. The 
tumour is partly enclosed in normal thyroid tissue 
and is enclosed in a fibrous capsule, most clearly 
seen around the lower margin. The cut surface of the 
tumour resembles thyroid tissue, x 1-5. 
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Fig. 12.8 Part of a thyroid adenoma of the ‘solid’ or 
micro-acinar type, which contrasts in appearance 
with normal thyroid tissue. Note the fibrous ‘capsule’ 
which is composed largely of residual stroma of com- 
pressed, atrophic thyroid surrounding the tumour, 
x 40. 

semble closely those of their parent tissue; ade- 
nomas of those endocrine glands composed of 
several cell types, e.g. the adenohypophysis and 
pancreatic islets, may be predominantly of one 
particular cell type and secrete the particular 
hormone(s) normally secreted by that type of 
cell. For example, islet cell adenomas may be 
composed predominantly of 0-cells and secrete 
insulin, of a-cells and secrete glucagon, or of <5- 
cells and secrete somatostatin. 

Although endocrine adenomas are usually 
well differentiated, they often show great varia- 
tion in nuclear and cell size, which in these tu- 
mours does not suggest malignancy unless 
accompanied by other features (numerous 
mitoses, invasiveness, etc.). The stroma may 
also resemble that of the parent gland, al- 
though it is often more dense, abundant and 
/SWetimfis hyaline. Illustrations of endocrine 
found in Chapter 26. ■ 


Adenomas of the exocrine glands 

These are uncommon, apart from the very 
common fibro-adenoma of the breast (Fig. 
24.41), which is really a mixed tumour in which 
both the epithelium and stroma are neoplastic. 
Both the prostate and breast are very prone to 
develop multiple nodularity due to foci of pro- 
liferation of both glandular and stromal ele- 
ments in various proportions, but such nodules 
are not sharply defined and are really examples 
of focal hyperplasia, perhaps due to hormo nal 
influences, and are not true tumours. Adeno- 
mas of the salivary glands are not rare. They 
show pleomorphism of both epithelial and stro- 
mal elements (Figs. 19.14, 19.15, p. 596) and 
projections through the capsule make their 
complete removal more difficult. 

Cystadenomas. Curiously, the ovary is a 
common site of an unusual type of adenoma in 
which the cells arrange themselves in gland-like 
structures resembling acini. The cells secrete 
copious mucous or watery secretion and as 
they have no ducts into which this can drain, it 



Fig. 12.9 Mucinous cystadenoma (cystic adenoma) 
of ovary. The cysts (small in this case) are lined by 
tall mucin-secreting epithelium. The nuclei, situated 
at the base of each cell, form a continuous line 
hardly distinguishable in this picture from those of 
the next cyst, x 150. 
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distends the lumen of the acinar-like structures, 
resulting in large cystic spaces and giving the 
tumour its name, cystadenoma. Epithelial- 
lined processes may project into the lumens 
(papillary cystadenoma). Such tumours, par- 
ticularly those which secrete mucin (Fig. 12.9 
and Fig. 24.20, p. 961), may grow enormous, 
and examples are on record of such tumours 
which outweighed the patient! 

It might be expected that the pure cystadeno- 
mas, in which secretion is abundant and hence 
differentiation is good, are more benign than 
papillary cystadenomas, in which proliferation 
is more active: this is generally, although not 
always, true. 

Papillary cystadenomas occur rarely in the 
pancreas and kidney. 

Colorectal adenomas. The common tubular 
adenomas of the large intestine are composed of 
mucus-secreting cells arranged in tubular glands, 
thus resembling in structure the normal mucosal 
glands, and they are surrounded by a stroma 



Fig. 12.10 Tubular adenoma of the colon. The 
rounded darker mass of the adenoma is made up of 
close-packed glands, less regular and more cellular 
than those of the normal mucosa which is seen 
below, covering the stalk of the polyp. (Unusually, 
two smaller adenomas arise from the stalk. In this 
case there were multiple adenomas and a carcinoma, 
seen in Fig. 12.14.) x 8. 


similar to the lamina propria. These tumours are 
not embedded in the mucosa and are not en- 
capsulated. Each consists of a rounded or lobu- 
lated mass which projects from the mucosal 
surface, and as it enlarges it becomes pedun- 
culated, i.e. develops a stalk or pedicle, with a 
fibrovascular core and lined by normal mucosa, 
from which it dangles in the lumen of the bowel. 
Such a tumour is termed an adenomatous polyp * 
or tubular adenoma (Fig. 12.10). Although the 
glands secrete mucin, most of them drain (like the 
tubular glands of normal mucosa) into the lumen 
of the bowel and so do not become distended. As 
already mentioned (p. 324) papillary tumours 
(‘villous adenomas’) also arise from the large 
intestinal mucosa, and many epithelial tumours 
of this site have a complex structure in which 
papillary and adenomatous elements are mixed 
(tubulo-villous adenomas). 



Fig. 12.11 Part of tubular adenoma of the co- 
lon, showing cellular aberration. Although the epi- 
thelium still forms crypts, these are hypercellular and 
irregular in size and shape. The epithelial cells show 
abnormal proliferative activity which has resulted in 
their becoming tall and narrow, and in some the nuc- 
leus has left the basal position and is undergoing mi- 
tosis. Many of the cells no longer contain the large 
globule of mucin characteristic of goblet cells, x 150. 


*A polyp is a lump of tissue at the end of a stalk. It is not necessarily neoplastic. 
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Another important feature of these large in- 
testinal tumours is that the glandular epithelium 
often shows marked mitotic activity and the cells 
become squeezed together and hence tall and 
narrow (Fig. 12.11): they may also become 
heaped up into two or more layers, or even 
form solid groups. Cell aberrations, such as 
nuclear irregularity and enlargement and cyto- 
plasmic basophilia, are also common, and this 
proliferative activity and cell aberration is a 
war nin g that many of these tumours are pre- 
malignant: they are prone to invade the stalk 
and adjacent bowel wall and spread by lym- 


phatics and blood stream. In patients with 
large numbers of adenomatous polyps (poly- 
posis coli), the risk of malignancy is very high. 

It is noteworthy that adenomas of exocrine 
glands do not show the high degree of speciali- 
sation and functional activity characteristic of 
many endocrine adenomas: they secrete a thin 
watery or mucoid fluid, but not the various 
enzymes secreted by the exocrine glands. 

Adenomas occur also in the cortex of the 
kidney and rarely in the liver, the latter being of 
interest because their incidence appears to be 
increased in women using oral contraceptives. 


Malignant Epithelial Tumours (Carcinomas) 


The term carcinoma may be applied to any 
malignant tumour of epithelial origin. It may 
arise from one of the benign epithelial tumours 
just described, or directly from a non-neoplas- 
tic epithelium. In either case, it retains the two 
features already described as characteristic of 
epithelium and its tumours — the formation of 
sheets or masses of contiguous tumour cells, 
and the ability to excite a stromal reaction be- 
tween and around the tumour-cell masses. In 
addition, the epithelial element commonly re- 
tains some resemblance to the tissue of origin, 
though in poorly differentiated (and usually 
more malignant) tumours this may be tenuous. 

Naked-eye appearances 

While there are many variations, it is possible 
to describe a typical carcinoma. It forms a firm 
lump, often irregularly nodular, its edge well 
defined in places and in others blending into 
the surrounding tissue (areas of invasion) so 
that it cannot be dissected out cleanly. On 
section it is predominantly whitish, as are most 
dense collections of young cells: there are often 
red patches of haemorrhage and, especially 
towards the centre, yellow areas of necrosis. 
When carcinoma arises in the epidermis or 
other surface epithelium it forms at first an 
irregularly dome-shaped swelling. The centre of 
this swelling however has often a poor blood 
supply and has lost the surface epithelium: it is 
exposed to trauma, infection and (in the case of 
lesions in the gut) digestive juices. It therefore 
/, .pfien sloughs out, leaving a ragged ulcer. At 


the edges the tumour has a better blood supply 
and is partly protected by the surface epithe- 
lium, and so survives: the ulcer therefore com- 
monly retains a thick irregular raised edge 
which is responsible for the highly character- 
istic appearance of the ulcerated malignant 
tumour (compare, for instance. Figs. 12.14, 
19.36, p. 615 and 27.36, p. 1075). 

Varieties of carcinoma 

There are many special types of carcinoma 
characteristic of particular sites, though the 
more highly malignant ‘anaplastic’ ones all 
tend to look alike. Most malignant epithelial 
tumours can, however, be included in the two 
great classes of squamous carcinoma and adeno- 
carcinoma. 

Squamous carcinoma 

This is the characteristic malignant tumour of 
squamous epithelia, both epidermis and squa- 
mous mucosae. (The names squamous-cell and 
epidermoid carcinoma are sometimes used in- 
stead of squamous carcinoma, but have no 
particular advantages). In addition there are 
some unexpected sites, where squamous 
carcinomas arise in organs containing no squa- 
mous epithelium: the most important of these is 
the bronchus, where squamous metaplasia of 
the bronchial epithelium is the probable ex- 
planation; similar metaplasia can account for 
less common sites such as the urinary tract and 
the gall bladder. Unstable squamo-columnar 



junctions such as the uterine cervix are also 
important sites. 

Histologically, most squamous carcinomas 
are very readily recognisable. In early lesions, 
the downgrowth of the surface epithelium into the 
deeper tissues can be detected (Fig. 12. 12). At the 



Kg. 12.12 Squamous carcinoma of the tongue, 
showing squamous cell masses with, in places, cen- 
tral keratinisation. These remain in continuity with 
the over-lying epithelium (above). Ulceration is be- 
ginning ( above left). There is a well-marked inflam- 
matory infiltrate in the connective tissue, which a 
little obscures the distinction from the infiltrating 
tumour, x 38. 

periphery, small masses and narrow columns of 
cells burrow into the surrounding tissues. Behind 
this margin, the invading cell groups have had 
time to enlarge and differentiate, becoming 
recognisable as prickle cells and usually form- 
ing keratin: the keratin forms rounded concen- 
tric nodules in the centre of the cell groups, a 
very characteristic appearance called ‘cell 
nests’ or ‘epithelial pearls’ (Fig. 12.13). The 
amount of keratin formed and the proportion 
of cells recognisable as prickle cells both vary 
greatly: they are the best guides to degree of 
differentiation of the tumour, which, of course, 
affects its prognosis. 

There are some variations from site to site — 
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Fig. 12.13 Squamous carcinoma at higher magnifi- 
cation, showing cell nests. The largest shows central 
keratin (still with some stratum granulosum granu- 
les), then large pale prickle-cells and a periphery of 
darker undiffereniated cells. In the smaller cell 
masses at the top keratinisation has not yet begun: 
the mass at left centre is at an intermediate stage, 
x 290. 

for instance, a squamous carcinoma of the 
bronchus or pharynx is usually less well differ- 
entiated than one of the lip or the skin. The site 
also naturally has a profound effect on the 
signs and symptoms produced by these tu- 
mours, and on their accessibility for treatment 
and hence on their prognosis. 

Adenocarcinoma 

This second group is a little less homogeneous 
than the last. Thus a histological section of an 
adenocarcinoma of the stomach can usually be 
distinguished from one of the colon with more 
confidence than a squamous carcinoma of 
the tongue from one of the bronchus. The 
grouping of adenocarcinomas together is, 
however, useful, for most of the malignant 
tumours of glands have a great deal in common 
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vith each other and with those that arise from 
ill the ducts and surfaces lined by columnar 
ipithelium. Important sites of origin include 
.he stomach and colon, the pancreas, gall blad- 
ier and its ducts, breast and uterus; also the 
jronchi, which can give rise to both squamous 
ind adeno-carcinomas. 

Histologically, almost everything that has 
seen said of the adenomas applies to adenocar- 
cinomas, with two differences. 

(a) Instead of remaining localised, the 
tumour cells invade the surrounding tissues 
(Fig. 12.14). 



Fig. 12.14 Adenocarcinoma of colon. Ulcerated 
tumour to left, normal mucosa to right: between 
them the raised ‘rolled margin’ formed by a thick 
layer of tumour still partly protected by the normal 
mucosa stretched over its upper surface. Invasion of 
submucosa and muscularis is well seen, x 1 1 . 


(i b ) Differentiation is poorer (Fig. 12.15). In 
addition to all the general features of malignant 
tumours listed in the last chapter (p. 293) there 
is a marked tendency for acini to contain less 
secretion, to be lined not by one regular layer 
of epithelial cells but by a thick irregular layer, 
and in some tumours for most of the cell 
groups to form solid masses. 

Several variations upon the basic pattern are 
common enough to be worth describing. Mixed 
and intermediate forms occur, and none of the 
following should be regarded as completely dis- 
tinct entities. 


(a) ‘Spheroidal-cell’ carcinoma, is a name 
commonly used for an adenocarcinoma in which 
inostfof the cell masses are solid (Fig. 12.16). 
This type of tumour is common in the breast, 
: ;pa*tiy : -bemuse Of relatively poor differentia- 



Fig. 12.15 Adenocarcinoma of bowel invading the 
muscle coat. Below , nearly solid strands of tumour 
are invading smooth muscle on each side of the arte- 
riole which runs up from the bottom right comer. 
Above, the older tumour strands are developing 
gland-like lumens, x 160. 

tion, and perhaps partly because the gland is 
usually in a non-secretory state. 

(b) Cystadenocarcinoma, in which cysts lined by 
columnar or cuboidal cells are prominent. This 
is common in the ovary and is seen occasion- 
ally in the pancreas and kidney. 

(c) Papillary adenocarcinoma, in which papil- 
lary processes project into cysts. This is seen 
particularly in the thyroid, ovary and biliary 
tract. 

(d) Mucous (or mucoid) carcinoma, an aden- 
ocarcinoma in which mucus secretion is unus- 
ually marked. The term should be used only 
when the whole tumour looks like a mass of 
jelly, and under the microscope most of the 
tumour cells float free in lakes of mucus (Fig. 
12.17). The commonest site of origin in this 
country is the colon, but it occurs also fairly 
often in the stomach and breast. 

Hard and soft carcinomas 

Classification of carcinomas into the two fol- 
lowing types depends on features of the stroma 
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Fig. 12.16 Spheroidal-cell carcinoma of breast in- 
filtrating tissue spaces. The tumour cells are still 
obviously epithelial, and nuclear changes are not 
gross, but there is no trace of glandular differentia- 
tion. x 300. 

and not of the tumour cells. It is thus an es- 
sentially different mode of classification. For 
example both spheroidal-cell carcinoma and 
adenocarcinoma can be either scirrhous (hard) 
or encephaloid (soft). 

(1) Scirrhous carcinoma* is one that shows a 
very dense fibrous reaction (Fig. 12.18) which 
is responsible for its hardness. The term is used 
most often for breast cancer and for the curi- 
ous ‘signet-ring’ cell carcinomas of the stomach 
(Fig. 19.41, p. 617). 

(2) Encephaloid carcinoma (Fig. 12.19) has 
minimal stroma and so is soft and ‘brain-like’ to 
the touch. The term is rarely used except for 
the uncommon soft carcinomas of the breast. 

These two types appear and feel very differ- 
ent, but behave in much the same way. 

Special types of carcinoma 

The names of some carcinomas reflect a striking 
appearance linked to a distinctive behaviour. 
Examples include clear-cell carcinoma of the 

*Scirrkus: a hard swelling. 



Fig. 12.17 Mucous carcinoma. The tumour cells, 
still in this case with some traces of glandular 
arrangement, lie in large pools of mucin, x 65. 



Fig. 12.18 ‘Scirrhous’ carcinoma of breast, with 
dense poorly cellular collagen between the tumour 
cell groups. In this case, in contrast to Fig. 12.16, 
some of the cell groups (bottom right) show some 
glandular differentiation, x 240. 



part of a large mass of cells is shown here, x 525. Fig. 12.20 Carcinoma arising from liver cells, show- 


ing trabecular arrangement, x 190. 


kidney, hepatocellular carcinoma (Fig. 12.20), 
choriocarcinoma of the placenta, and rodent 
ulcer of the skin; these are highly distinctive les- 
ions with very marked peculiarities of histogene- 
sis as well as appearance and behaviour. They are 
described in the appropriate systematic chapters. 

Spread of carcinoma 

Local invasion 

Local invasion by a carcinoma depends in part 
on the sheer expansive pressure of the mass of 
growing cells, but also on the active migration 
of motile tumour cells which penetrate the sur- 
rounding tissues and then multiply at the new 
site. Sometimes they appear to migrate as single 
cells: more often they appear to penetrate as 
columns of cells which extend by growth at the 
forward end. We know little about why cancer 
cells behave thus, but, as indicated in the last 
chapter, it may be due to increased motility, or 
to loss of cell adhesiveness or of other normal 
restraining processes. 

. Growth is easiest along the planes of loose 
^Otiwetive tissue, and may be checked by dense 


structures such as thick fascia, the walls of 
large arteries, cartilage and compact bone. 
Structures such as glands and muscle, once 
penetrated, are rapidly destroyed, partly by 
pressure, partly by loss of blood supply. The 
carcinoma itself tends to outrun its blood 
supply, and necrosis of the tumour which 
ensues includes ischaemic destruction of any 
normal tissues which have been invaded. Un- 
fortunately the growing edge of the tumour is 
hardly ever included in the necrosis. 

Local invasion, may, of course result in 
damage to major structures nearby. Of greater 
significance from the point of view of the life of 
the patient in most cases is the appearance of 
secondary deposits or metastases — new areas of 
growth of the tumour at a distance from the 
primary tumour. These result from spread of 
tumour cells from the primary growth, usually 
by the lymphatics or blood vessels, as described 
below. 


Spread by lymphatics 

This is one of the most characteristic features 
of carcinoma and is of prime importance from 
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the surgical point of view. Cancer cells pene- 
trating into the lymphatics may either float free 
in the lymph and be arrested in the lymph 
nodes, or they may (probably less often) form 
columns of proliferating cells filling and grow- 
ing along the lymphatics (Figs. 12.21, 12.22). 
Small nodules of tumour may be formed along 
the line of the lymphatics, but the largest nod- 
ules are those which form in and replace the 
lymph nodes. Early node metastases usually lie 
in the peripheral sinus (Fig. 12.23). The lymph 
nodes draining the region of the carcinoma are 
usually first and most extensively involved. 
Occasionally spread may take place in a direc- 
tion contrary to normal lymph flow (Fig. 
12.24) as a sequel to lymphatic obstruction. 

By excising a carcinoma together with the 
surrounding tissues, it is often possible to 
remove completely the local growth. But there 
may be extensive permeation of lymphatics by 
cancer cells, although often not visible to the 
naked eye (Fig. 12.25). Accordingly tissues 



Fig. 12.21 Lymph spread of carcinoma, involving 
both lymphatics and lymph nodes, around the 
bifurcation of the aorta. Lymphatics filled with 
tumour are particularly well seen as they cross the 
left common iliac artery just below right centre of 
the specimen, x 0-75. 



Fig. 12.22 Lymphatic spread of carcinoma. This 
section of lung shows gross distension of perivas- 
cular lymphatics (normally scarcely seen at this mag- 
nification) by cancer, x 12. The primary tumour was 
a carcinoma of stomach, seen at higher magnifica- 
tion (inset) to be composed of mucus-secreting 
‘signet-ring’ cells (see p. 617). 

which appear grossly normal may be exten- 
sively involved. 

The presence of these minute foci of cancer 
cells, extending beyond the main mass of the 
tumour either by direct invasion or via the lym- 
phatics, explains the local recurrence of cancer 
after surgical removal. Recurrence is nearly 
always the result of growth of cancer cells 
which have been left behind in the surrounding 
tissues. Such cells may remain dormant, so that 
years or even decades may elapse before a re- 
cognisable tumour reappears. Because carcino- 
gens often affect a large area of epithelium, e.g. 
chemicals affecting the urinary tract epithelium 
(p. 299) or ultraviolet rays affecting the ex- 
posed skin (p. 301), successful removal of a car- 
cinoma may be followed by the development of 
a second one nearby. It is usually not possible 
to distinguish this from recurrence, although 
the detection also of premalignant change (p. 
337) in the epithelium concerned makes it more 



Fig. 12.23 Carcinoma invading lymph node. Car- 
cinoma cells are seen in the lymph vessels in the cap- 
sule of the node and in the peripheral lymph sinus, 
from which they are extending into the radial sinu- 
ses. x 75. 

likely that the second tumour is not a recur- 
rence of the first. 

Blood spread 

With most carcinomas, the effects of blood 
spread are seen later than those of lymphatic 
spread, though the wider dissemination makes 
them usually of more serious immediate conse- 
quence to the patient. The small veins in and 
around the primary tumour are the usual route of 
entry to the circulation. Tumour cells are then 
carried away to lodge in the next capillary bed 
that the blood passes through, e.g. in the liver if 
the primary tumour is in the portal drainage area 
(Fig. 12.26), and in the lungs from tumours in 
most other sites. Thence they may spread further, 
from the liver to the lungs and from the lungs via 
the systemic circulation to any part of the body 
(Fig. 12.27). Blood-spread metastases in a solid 
organ present a very characteristic picture of 
multiple rounded nodules, scattered randomly 
throughout the organ and varying in size but 
s nodule conspicuously 
12.28 and 20.55, p.703). 


with no single 


Fig. 12.24 Retrograde invasion of lymph node by 
carcinoma. The lymphatics at the hilum of the node 
are filled with cancer cells, which have spread into 
the node against the normal direction of lymph flow, 
x 95. 



Fig. 12.25 Squamous carcinoma of vulva, showing 
lymphatic permeation in the dermis beyond the clini- 
cally apparent margin. The larger tumour masses 
( above right ) would appear to the naked eye to be 
the edge of the tumour, the bulk of which lies further 
to the right. Lymphatic permeation can usually only 
be recognised with certainty in microscopic sections, 
though when it is as gross as that seen here it may be 
suspected on careful examination with the naked 
eye. x 15. 
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Fig. 12.26 Secondary carcinoma in the liver. Note 
masses of cancer cells in the sinusoids between the 
(darker) liver cells, without any formation of stroma, 
x about 200. 



Fig. 12.27 An embolus of carcinoma cells in a glo- 
merulus, with extension into the tubule, x 1 50. 



Fig. 12.28 Secondary carcinoma in bone. Multiple 
rounded white masses in the humerus, in a case of 
carcinoma of breast, x 0-75. 


There are in practice many apparent anom- 
alies in the distribution of. metastases: some 
may be due to confusion between blood and 
lymph spread — there is for instance a strong 
case for regarding the curious predilection of 
bronchial carcinoma to spread to the adrenals 
as a consequence of lymph spread rather than 
(as has been generally believed) blood spread. 
But even allowing for this, there must be great 
variations between capacities of different 
tissues to resist the growth of tumour cells arri- 
ving by the bloodstream. It is highly probable 
that in most cases the great majority of cells 
leaving the primary tumour by the veins fail to 
establish themselves. 

In his old but still valuable series of necrop- 
sies on patients with carcinoma, Willis (1973) 
gave the following incidences of metastases in 
various organs: 


liver 

36% 

brain 

6% 

lungs 

29% 

spleen 

3% 

bones 

14% 

skeletal muscles 

1% 

adrenals 

9% 

skin 

1% 
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These incidences clearly do not correspond 
with blood flow, and so with the number of 
tumour cells likely to be arriving in the various 
organs. The liver and bone marrow are suscep- 
tible sites: the spleen and muscles resistant. 
There is experimental evidence for destruction 
of tumour cells by the spleen, but the nature of 
the defence mechanism is not known. The lung, 
which must receive by far the largest number of 
tumour cell emboli, provides an environment 
which is only moderately favourable to their 
growth. Cases of carcinoma in some organs, 
for instance kidney, prostate and thyroid, often 
have multiple systemic metastases, for example 
in bone, with no obvious lung lesions: in some 
such cases it can be shown that there are 
minute microscopic foci in the lung where 
tumour cells have lodged in the pulmonary ves- 
sels, and, while failing to grow to any subst- 
antial extent at the site, have been able to 
launch further tumour emboli into the systemic 
circulation (Fig. 12.29). 

Retrograde venous spread. One type of an- 
omaly that has a special explanation is the 
localisation of metastases within the axial skel- 
eton. Carcinoma of the prostate spreads early 



to the lumbar spine and pelvis, carcinoma of 
the breast to the thoracic vertebral bodies, and 
carcinoma of the nasopharynx to the cervical 
spine and the base of the skull. This is not at- 
tributable to direct or lymph spread but to 
spread by the blood. Yet blood spread in the 
usual fashion via the lungs should result in uni- 
form spread to all parts of the vertebral 
column. The explanation for the localised in- 
volvements of the spine appears to lie in the 
peculiarities of blood flow in the intra-vertebral 
venous plexus, in which differences of pres- 
sure above and below the diaphragm often 
lead to reversal of flow: the effect is to draw 
venous blood at times into the vertebra from 
neighbouring organs, and this may carry 
malignant cells, which find a very favourable 
site for multiplication within the vertebral 
marrow. 


Intracavitary spread 

When carcinoma involves a body cavity, cancer 
cells may be liberated into the space and graft 
themselves on the surface to form new foci of 
growth. Any cavity can be involved, and the 
subarachnoid space, for example, is of some 
importance in the spread of intracranial tu- 
mours, but the serous cavities are especially 
important for carcinoma. Involvement of the 
peritoneum results most often from carcinomas 
arising in the stomach or the ovary, while the 
pleura and pericardium are most commonly in- 
vaded by carcinomas of breast or bronchus. In 
most cases there is an effusion of fluid into the 
sac concerned, and this may be bloodstained. 
Malignant cells are often present in such an 
effusion, but very often it is difficult to dis- 
tinguish them with certainty from altered ser- 
osal cells. A special example of this form of 
spread is seen in transperitoneal metastasis 
to the ovary, usually before the menopause 
and usually from a gastric carcinoma of the 
‘signet-ring’ type (p. 617): the ovaries may 
become very large, and have the characters 
first described by Krukenberg, who thought 
that such tumours originated in the ovaries (see 
p. 966). 

Although not everyone agrees, it is nearly 
certain that the rare so-called ‘alveolar-cell car- 
cinoma’ of the lung (p. 498) grows by spread of 
carcinoma cells within the air passages of the 
lung. 



Intr a-epitheli al and intracellular spread 

Cancer cells may invade the epidermis, which is 
the only extensive epithelium in the body thick 
enough to withstand such invasion without dis- 
ruption. Cells may spread for several centi- 
metres in the epidermis without destroying it 
completely. Paget’s disease of the breast (p. 
983) is the only common example involving 
carcinoma cells (the tumour being derived from 
the underlying breast): rarely this occurs in 
the epidermis at other sites, and something sim- 
ilar is seen in malignant melanoma of the skin 

(p. 1082). 

Carcinoma invading skeletal muscle may 
sometimes be seen under the microscope to be 
growing within the sarcolemma of muscle cells: 
this rare curiosity is the only known example of 
‘intracellular’ spread (Fig. 12.30). 



Fig. 12.30 Intracellular invasion. The long sausages 
of tumour cells have grown within and expanded 
striped muscle fibres, being still confined by the sar- 
colemma: compare with unaffected muscle fibres on 
the left, x 60. 
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Premalignant lesions 

These are conveniently considered here, as 
most such lesions involve epithelium, and are 
precarcinomatous. 

A premalignant condition is one which can 
be recognised by either clinician or pathologist, 
and which indicates that the bearer has a sub- 
stantially greater than normal risk of develop- 
ing a malignant tumour. The early stages of 
premalignant change (which presumably indi- 
cate the occurrence of the earlier mutations of a 
multistage conversion to malignancy) can often 
be recognised histologically. The signs include 
nuclear irregularity, increased mitotic activity, 
and abnormalities of differentiation, often 
combined with inflammatory infiltrates and 
stromal changes. The risk of such lesions’ be- 
coming malignant can be established only in 
the light of experience of their behaviour in 
each particular site in which they occur. The 
following are examples of premalignant lesions. 

(a) Some benign tumours. Probably all benign 
tumours carry some increased risk of malig- 
nancy, but in most it is very little more than 
that of the normal tissue, while in others it is 
high. There is little obvious logic about the dif- 
ferences. The rare polypoid adenomas of the 
small intestine seldom become malignant, while 
the (much commoner) adenomas of the large 
intestine carry a much greater risk of cancer. 
Comparable anomalies could be quoted at 
other sites. 

(b) Certain chronic diseases. Carcinoma may 
develop as a more or less common complica- 
tion of some non-neoplastic diseases, such as 
cirrhosis of the liver, ulcerative colitis, asbes- 
tosis and a variety of skin diseases. 

(c) Carcinoma-in-situ. In the most extreme 
degrees of premalignant change in an epithe- 
lium, all the cytological changes of malignancy 
are seen in its cells, but the altered cells remain 
in the intact layer of epithelium and do not 
invade the underlying tissues. The name carci- 
noma-in-situ is often given to this lesion: it is 
not strictly accurate, as no carcinoma is present 
until invasion begins, but it is a vivid reminder 
of the need for action. Intraduct carcinoma of 
the breast (p. 982) is an essentially similar 
lesion. 

Carcinoma-in-situ of the cervix uteri is par- 
ticularly important, for the cervix is accessible 
for examination, the lesion is relatively 
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common, and is readily detected by cytological 
examination of smears and confirmed by 
biopsy. Also, in most cases the in-situ change 
persists for years without becoming invasive, 
allowing its detection by routine screening and 
prevention of cancer by excision of the affected 
epithelium (which varies widely in extent). 

Although frank invasive cancer in many 
other sites is preceded by carcinoma-in-situ, 
detection at this stage is more difficult because 
of inaccessibility, etc. 

The degree of risk of developing malignancy 
varies greatly with different premalignant les- 
ions, and is often hard to determine with preci- 
sion. In a few conditions, such as polyposis (ade- 
nomatosis) coli and xeroderma pigmentosa, it is 
practically 100 per cent. In carcinoma-in-situ of 
the cervix, the rate remains uncertain despite 
extensive studies, but it is believed that about 30 
per cent progress to invasive carcinoma. In most 
other lesions the risk appears to be much lower. 

Staging and grading of cancers 

A quantitative measure of the factors affecting 
the prognosis of a particular type of tumour is 
often required. Sometimes it is used in deciding 
on the best method of treatment, but it is most 
useful in statistical studies. If, for instance, a 
surgeon claims that his new operation is curing 
more patients than his colleagues (or, to be 
more precise, raising the proportion of five- 
year survivals) it is necessary to be sure that he 
is not seeing by some accident an exceptionally 
favourable group of cases— e.g. smaller, earlier 
or better differentiated tumours. The produc- 
tion of completely unambiguous criteria is 
much more difficult than it sounds, and elab- 
orate special systems have been developed for 
most of the common tumours. All agree, how- 
ever, in separating two main elements, grading 
and staging, and these should not be confused. 

Grading. This is a histological estimate of the 
degree of differentiation. Exact numerical sys- 
tems do not work (Broder’s system, depending 
on the percentage of differentiated cells, though 
stUl often talked of, has long been abandoned 


in practice). In general, most tumours are 
graded for this purpose by the pathologist into 
well differentiated, average, and poorly differ- 
entiated: the system is most useful if the criteria 
used put about 25 per cent of the tumours into 
the good group, 50 per cent into the average 
and 25 per cent into the worst. 

Staging. This is a clinical estimate of the 
degree of spread. Most systems use four stages, 
roughly definable as (I) confined to the organ 
of origin, (II) local spread not interfering with 
surgical excision, (III) fixation to surrounding 
structures and (IV) distant spread. A ‘Stage O’ 
is sometimes added for invasive tumours of 
microscopic size or for carcinoma-in-situ: the 
difference between the two is, however, import- 
ant and, if used at all, ‘Stage O’ should be 
clearly defined. 

How this works in practice may be seen from 
the usual definitions for cancer of the uterine 
cervix: Stage 0— carcinoma-in-situ only: Stage 
/— confined strictly to the cervix: Stage II— 
local spread, not reaching the pelvic wall or the 
lower third of the vagina: Stage ///—fixed to 
pelvis, or involving lower third of vagina: Stage 
IV— distant metastases, or involvement of 
bladder or rectum. Stage II is often subdivided, 
Ha including spread to the uterine body, vagi- 
nal fornices and the immediately adjacent con- 
nective tissue, Stage lib including further 
spread, but short of Stage III. It will be seen 
that even here the position is not altogether 
simple. For most other tumours staging is a 
good deal more complicated and often contro- 
versial. 

Staging must always be based primarily on 
the clinical examination, for the assessment at 
operation often differs from the clinical assess- 
ment, and to compare surgical with other 
forms of treatment, both groups of patients 
must first be ‘staged’ in the same way, i.e. clini- 
cally. Grading, on the other hand, requires 
pathological examination of at least a biopsy. 
The results of the two procedures are not, 
however, altogether independent: as one might 
expect, in all series the worse differentiated cases 
tend to be more numerous in the higher stages. 
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Tumours: III. Other Varieties 


There are far more kinds of non-epithelial 
tissue than epithelial, and equally there are far 
more kinds of non-epithelial tumour. As 
already indicated, however, the balance be- 
tween this chapter and the last reflects the 
practical circumstance that the carcinomas 
greatly outweigh all other tumours in clinical 
importance. Nevertheless, even the tenth 
of deaths that are due to non-epithelial malig- 
nant tumours is a substantial number, and 
no one can dismiss as unimportant a group 
that includes the lymphomas, gliomas, mela- 


nomas and bone sarcomas. There are more- 
over some benign tumours, e.g. the myomas, 
and the tumour-like angiomas, which are 
very common, although responsible for few 
deaths. 

Though all the main types of non-epithelial 
tumours will be found mentioned here, detailed 
description will be given only of those varieties 
which are of such general distribution as not to 
be easily included under any one system. 
Length of description does not therefore always 
reflect importance. 


Tumours of the Connective Tissues 


Nomenclature 

In this group it is usual to name tumours by 
adding -oma to the appropriate stem for the 
benign lesion, and -sarcoma for the malignant. 
Thus fibroma and fibrosarcoma are respectively 
benign and malignant tumours arising from 
fibrocytes; chondroma and chondrosarcoma are 
benign and malignant tumours arising from 
cartilage cells. 

Benign tumours 

These are composed chiefly of fully developed 
tissues, such as are found in the adult body, e.g. 
fibrous tissue, cartilage, muscle. They are 
usually rounded or lobulated and well defined, 
being generally enclosed within a distinct 
fibrous capsule. They displace the surrounding 
tissues and produce atrophy by pressure, but 
they do not usually infiltrate tissues and never 
metastasise. Such benign tumours are some- 
tunes multiple, but then each tumour represents 
an independent focus of growth. Blood vessels 
re lation to the tumour tissue, and are 


usually well formed, though the arteries are 
often deficient in muscle fibres. The well-de- 
fined reactive fibrous tissue stroma of epithelial 
tumours is, however, altogether absent in 
most cases, the tumour relying for its support 
on the matrix produced by its own cells — 
though exceptions occur, for example in the 
myomas. 

Malignant tumours (sarcomas) 

In the corresponding malignant tumours, the 
activity of the cells is mainly proliferative, the 
tumour is more cellular, and although a certain 
amount of matrix is formed, this is usually 
scanty. Sarcomas often form large masses, 
usually soft and commonly with areas of haem- 
orrhage and necrosis (Fig. 13.1). While these 
malignant tumours may appear to the surgeon 
to be encapsulated, as in Fig. 13.1, diffuse de- 
structive infiltration of the surrounding tissue 
occurs at the margin of most such masses so 
that wide excision rather than enucleation is 
required in their treatment. There is an exten- 
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Fig. 13.1 Spindle-cell sarcoma arising in intermusc- 
ular fascia of thigh. Above and left there is normal 
voluntary muscle. The upper half of the ovoid 
tumour shows extensive necrosis and haemorrhage: 
the lower half is well preserved, appearing character- 
istically greyish-white, soft and slightly lobulated. 
x 0-6. 


sive new formation of poorly formed blood ves- 
sels. Numerous capillaries, and larger channels 
composed mainly of a layer of endothelium, are 
supported by the cells of the tumour, while 
fibrous tissue is found only round the larger 
vessels. Two results follow— (a) the cells of the 
tumour readily break through the vessel walls 
and are conveyed in the venous blood until 
arrested in the smaller vessels of lungs, liver, 
etc., and thus metastases may develop, and (b) 
haemorrhages are common. Spread by the lym- 
phatic vessels is unusual, except in the case of 
synovial sarcoma and lymphoma, and blood- 
borne metastases, especially in the lungs, are 
the usual cause of death. 


Tumours of fibrous tissue 

Although it is usual to regard these as the ‘typi- 
cal’ connective tissue tumours, they are in fact 
not very common and genuine benign fibromas 
are rare. 


Fibroma 

This is the name given to benign tumours of 
fibrous tissue. The cells of the tumour are fib- 
rocytes; their nuclei are long and narrow and 
densely staining, the cytoplasm so scanty as to 
be hard to see, and mitoses are very rare. 
Bundles of dense collagen separate the cells, 
and the appearances, in short, may not be very 
different from that of fibrous tissue as seen in a 
thick fascia or a scar. Fibromas do, however, 
vary greatly in the amount of collagen and in 
cellularity (Figs. 13.2, 13.3). 



Fig. 13.2 Fibroma showing abundant mature coll- 
agen and few cells. Distinction from normal fibrous 
tissue can be difficult, and depends on careful ex- 
amination of the whole lesion, x 240. 

Fibromas may occur in any type of connec- 
tive tissue (Fig. 13.4) and may be seen with vary- 
ing degrees of rarity in most of the internal 
organs. Special varieties occur in the sheaths of 
nerves (Schwannoma, etc., pp. 793-4), skin 
(dermatofibroma, p. 1084) and ovaries (p. 965) 
which have their own peculiarities of behaviour 
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Fig. 13.3 Fibroma showing more numerous cells 
(which are however mature fibrocytes) and less 
abundant and looser collagen, x 280. 





(a) Desmoid tumour, which is a curious lesion 
seen characteristically in the rectus abdominis 
muscle of multiparous women. It has the his- 
tology of a fibroma, but is not encapsulated 
and infiltrates the surrounding muscle and de- 
stroys the muscle fibres (Fig. 13.5). It often 
recurs locally after excision, but never metas- 
tasises. Desmoids occur also in the thigh and 
shoulder, where they may be termed musculo- 
aponeurotic fibromatosis and behave similarly. 
Genuine fibromas are particularly rare in skele- 
tal muscle. 

(b) Palmar fibromatosis (Dupuytren’s contrac- 
ture) consists of a fibroma-like lesion, often 
quite cellular, involving the palmar fascia and 
producing flexion deformities of the fingers (see 
p. 929). A similar but much less common lesion 
of the plantar fascia {plantar fibromatosis) is 
often particularly cellular and sarcoma-like 
under the microscope but does not cause con- 
tracture. There is also a penile fibromatosis {Pey- 
ronie’s disease). Two or even all three of these 
conditions may occur in one patient, and they 
are clearly related. Again, none of these ever 
metastasises. 

(c) Keloid. Some people (negroes more often 
than others) have a curious tendency to pro- 

> 4 *. 






Fig. 13.4 Lobulated fibroma removed from but- 
tock. Natural size. 


and which probably do not arise from ordinary 
fibrocytes. 


Fibromatoses 

This term can be usefully applied to some 
fibroma-like lesions which may cause consider- 
able difficulties of diagnosis ami which may not 
They include: / 


Fig. 13.5 ‘Desmoid tumour’ of rectus sheath. 
Moderately cellular fibrous tissue forms the bulk of 
it. The large dark-staining cells are multinucleate 
sarcolemmal giant cells, toe remains of infiltrated 
muscle fibres, x 120. 
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duce excessive amounts of dense hyalinised fib- 
rous tissue, instead of the normal inconspicu- 
ous scars, after injury to the skin. They nearly 
always cease growth after a time, and are then 
clearly not tumours, though they may be mis- 
taken for them histologically. 

Myxoma and mesenchymoma 

The rare myxomas (Fig. 13.6) are translucent 
tumours, usually benign, composed of ‘myxoid’ 
tissue, a kind of connective tissue with stellate 
cells widely separated by a ground substance 
rich in mucopolysaccharide (p. 247) and poor in 
blood vessels. They usually occur within skele- 
tal muscles and only rarely recur; even after 
incomplete excision. There is a group in which 
a predominantly myxomatous tumour contains 
scattered elements of other mesenchymal tissue 
types, including muscle and cartilage. The 
name mesenchymoma is usually given to them, 
reflecting a belief, not necessarily well founded, 
that they represent a return to the capacity for 
multipotent differentiation of primitive mes- 
enchyme. These tumours, most often seen in 
the subcutaneous tissues of the trunk, rarely 
metastasise but have a high incidence of local 
recurrence. The embryonal rhabdomyosarcoma 
of children (p. 346) also combines myxoid con- 
nective tissue with poorly formed striated 



Fig. 13.6 Myxoma. The branching cells lie in a 
semi-fluid matrix which stains pale lilac with haem- 
atoxylin and eosin but much more deeply with stains 
for connective tissue mucin. The round spaces are 
included fat cells of the breast, in which this tumour 
was found, x 300. 


muscle cells but has a very different age and 
anatomical distribution and is much more 
malignant. 

Fibrosarcomas 

These tumours arise especially from fascia and 
deep connective tissues, but may occur almost 
anywhere in the body. Similar tumours arise 
from nerves — neurofibrosarcomas or malignant 
schwannomas (Fig. 13.7). While most fibrosar- 
comas are clearly malignant from the start, 
some progress over a period of many years 
from an early stage in which they may be dif- 
ficult to distinguish from a benign fibroma. 

Fibrosarcomas differ greatly in their degree 
of differentiation. Low grade fibrosarcomas 
differ little from cellular fibromas: they are firm 
and fibrous, produce abundant collagen, and 
the cells differ little from normal fibroblasts. A 
moderately high rate of mitosis is often the 
only real evidence of malignancy. Such tu- 
mours are slow growing and are often cured by 
adequate local excision, and recurrences tend, 
at least at first, to remain localised. Tumours of 
intermediate malignancy are often called 
‘spindle-cell sarcomas’ (Fig. 13.8). They are 
softer, more rapidly growing tumours in which 
the cells are still recognisably fibroblast-like 
and regularly arranged, but collagen is rela- 
tively inconspicuous: such tumours often 
metastasise and are usually ultimately fatal. 



Fig. 13.7 Well-differentiated neurofibrosarcoma 
arising in recurrent neurofibroma. Note the very 
pronounced palisading of the nuclei, x 270. 
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Fig. 13.8 Spindle-cell sarcoma. This is very cellular, 
but the cells are relatively uniform and still resemble 
fibroblasts. Special stains would show sparse col- 
lagen fibres. The triangular cleft is one of the 
poorly formed blood vessels characteristic of sar- 
comas. x 250. 

From this type, transitions occur to the an- 
aplastic sarcoma (Fig. 13.9), a soft, rapidly grow- 
ing tumour consisting of large irregular cells 
with large irregular nuclei, with little or no col- 
lagen and very little evidence of the tissue of 
origin; metastasis is usually rapid and progno- 
sis poor. Obviously, in such tumours it may be 
impossible to identify the cell of origin, and 
indeed tumours with this kind of histology may 
arise from dedifferentiation of almost any kind 
of cell. 

Fibrosarcomas,, like most other sarcomas, 
may recur locally or metastasise by the blood- 
stream, especially to the lungs, but rarely 
spread by the lymphatics. 

Tumours of adipose tissue 

lipoma 

This is a common benign tumour which con- 
sists of adipose tissue. It increases in size by pro- 
liferation of fibroblast-like cells which lie 
aflwaad the blood vessels but are hard to see in 
because they rapidly accumulate fat 



Fig. 13.9 Anaplastic sarcoma showing great varia- 
tion in the size of the cells. Note the numerous 
enormous polyploid nuclei, x 125. 


and become lipocytes. The common lipoma is a 
rounded, well-demarcated, subcutaneous mass. 
It sometimes reaches a considerable size, and 
may have blunt projections which pass into the 
tissues around. Multiple tumours may be pres- 
ent and occasionally they are symmetrical. 
They are commonest over the neck, back and 
shoulders and occur also in the re- 
troperitoneum, especially in the perirenal fat. 
They may, however, arise almost anywhere in 
the body. Should the patient become emacia- 
ted, the fat in the tumour is not utilised— a 
good example of the failure of tumours to re- 
spond to the factors controlling the metabolism 
of normal tissues. In a lipoma there may be 
areas of fibrous or capillary angiomatous 
tissue — the tumour being then called a fibrolip- 
oma or angiolipoma respectively; occasionally 
there are areas of calcification. 

In a rare variant the fat is finely divided in 
droplets within the cells, which thus closely re- 
semble brown fat. The supposed role of brown 
fat in hibernation of rodents led to the name 
‘ hibernoma ’ (Fig. 13.10). 

Liposarcoma 

This tumour is uncommon, although one of 
the least rare of the soft tissue sarcomas. It 
occurs most often in the thigh, buttocks and re- 
troperitoneum. It varies widely in naked-eye 
and microscopical appearances and also in 
prognosis. 

The best differentiated liposarcomas are 
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Fig. 13.10 ‘Hibernoma’ showing the characteristic 
appearances of the fat-laden cells, with central 
nuclei, x 480. 


obviously fatty, and have a marked micro- 
scopic resemblance to lipoma, but with more 
obvious collagenous areas and groups of cells 
with larger and more hyperchromatic nuclei. 

The least uncommon type, the myxoid lipo- 
sarcoma , appears gelatinous, having a muco- 
polysaccharide-rich matrix, with a prominent 
capillary network (Fig. 13.11). It has a marked 



Fig. 13.11 Myxoid liposarcoma, showing the rela- 
tively small sarcoma cells, with scanty cytoplasm, 
lying in an abundant homogeneous matrix. Note the 
numerous capillaries, x 250. 


tendency to repeated recurrence after successive 
attempts at removal, and sometimes recurs in a 
more malignant form, consisting of round cells 
containing little fat and with much less stroma. 
The round-cell liposarcoma and another type 
of liposarcoma consisting of cells containing 
abundant fatty droplets but showing extreme 
cellular pleomorphism (Fig. 13.12) are liable to 
metastasise. 



Fig. 13.12 Pleomorphic liposarcoma, consisting of 
very large cells with very large nuclei, and with much 
fat in the cytoplasm, x 450. 


Alveolar soft tissue sarcoma. This rather uncommon 
variety of sarcoma arises in the soft tissues, usually 
of a limb. It is composed of large polygonal or 
round cells with coarsely granular cytoplasm, and 
arranged in a curiously alveolar pattern. In paraffin 
sections the appearances resemble those of liposar- 
coma or even carcinoma but the granules do not give 
the staining reactions of lipids, mucin, glycogen or 
other specifically stainable substances. Its origin and 
true nature are obscure, but some regard it as a var- 
iety of chemodectoma (p. 349). 

Tumours of cartilage and bone 

These are dealt with in detail in Chapter 23. 
The benign tumours of bone are a perplexingly 
varied group, and their precise histogenesis is 
often obscure. Most of the masses of cartilage 
called chondromas and many bony outgrowths 
(exostoses) are not true tumours but develop- 
mental defects or hamartomas (p. 358). Osteo- 
sarcomas particularly and chondrosarcomas are 
among the commonest sarcomas. Osteosarcoma 
especially exemplifies many of the most charac- 
teristic features of sarcomas generally — a high 
incidence in childhood, high mortality, rarity of 
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lymphatic spread and frequent blood spread, 
especially to the lungs. 

Fibrosarcomas may arise from bone. Con- 
versely (though very rarely) bone-forming 
osteosarcomas sometimes arise from connective 
tissue elsewhere, and sometimes even from such 
organs as the breast, kidney, etc. 

Bone and cartilage are sometimes seen in 
non-bony tumours. Both are common in ter- 
atomas (p. 355). Cartilage is often seen in the 
mixed tumours of the parotid and other sali- 
vary glands. Bony metaplasia of the fibrous 
stroma of carcinomas is a rare but striking find- 
ing, least rare in man in large-bowel cancers, and 
not uncommon in breast tumours in bitches. 

Tumours of muscle 

There are two varieties of myoma, the leiomy- 
oma, composed of smooth muscle fibres, and 
the rhabdomyoma of striped muscle. The latter 
is so rare that the term myoma without qualifi- 
cation is often used to signify leiomyoma. 

Leiomyomas are composed of smooth muscle 
cells orientated in a more or less parallel 
manner within bundles, which are arranged in 
a whorled pattern (Fig. 13.13). A small amount 
of supporting fibrous tissue runs among the 
individual cells, while broader bands separate 
the bundles. The proportion of fibrous tissue to 
muscle varies much in different specimens. The 
tumours are usually firm and rounded, and on 
section are pinkish with a characteristic whor- 
led appearance due to the arrangement of the 
fibres (Fig. 13.14). 

Leiomyomas of the uterus are among the 
commonest of tumours: their usually high con- 
tent of fibrous tissue earns them their common 
name of ‘fibroids’, though the muscle is the only 
true tumorous element and it is incorrect to call 
them fibromyomas. Of general interest is their 
tendency to cease growth at the menopause and 
subsequently regress. 

Leiomyomas are probably next most 
common in the muscular coat of the alim entary 
canal, though here most are too small to be 
found without special search and few are large 
enough to cause trouble. They can occur at 
many other sites, all uncommon: a rare painful 
vascular myoma of the skin is of special interest 
(p. 349). 

. ; Leiomyosarcomas occasionally arise from the 
■^»e sitee as leiomyomas, especially the uterus 



Fig. 13.13 Leiomyoma. The muscle bundles inter- 
lace irregularly, and are to be seen cut transversely, 
longitudinally and obliquely. The cytoplasm of the 
muscle cells stains somewhat indistinctly but gives a 
darker shade to the substance of each bundle. Occas- 
ional fibrocytes seen between the bundles have 
smaller darker nuclei and no obvious cytoplasm, 
x 185. 


and the stomach. Most appear to be malignant 
from the start but some may arise by malignant 
progression in a benign myoma. The histologi- 
cal diagnosis of malignancy is usually easy on 
general cytological grounds, but the better dif- 
ferentiated tumours can be hard to distinguish 
from the more cellular benign tumours. It is a 
useful empirical rule, which can be applied to 
few other tumours, that a smooth muscle 
tumour in which mitoses can be found easily is 
liable to metastasise. 

Rhabdomyosarcoma. In proportion to their 
bulk, the voluntary muscles are one of the 
rarest of sites for tumours of any kind, both 
primary and secondary: the reasons for this are 
not known. The rare tumours in which striped 
muscle fibres or their precursors are seen are 
nearly always malignant, and arise mostly in 
sites where no striped muscle is present nor- 
mally. They are found most often in the female 
genital tract, characteristically in the cervix or 
vaginal vault in young girls, and in the lower 
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Fig. 13.14 Leiomyoma of uterus. The tumour is 
paler than the normal muscle because of its higher 
content of fibrous tissue. The pattern of the cut 
tumour surface is formed by brownish slightly trans- 
lucent strands of muscle, here seen as an indistinct 
network but often whorled. Note the distorted uter- 
ine lumen. Natural size. 



Fig. 13.15a Rhabdomyosarcoma. Large pleomor- 
phic cells in a slightly myxoid matrix. Special stains 
and high magnification show coded myofibrils (best 
seen in cells just below and to the right of centre). 


urinary tract in both sexes; also in the soft 
palate. Usually the tumours have a large 
myxoid element, and recognisable muscle cells 
(though very characteristic when found) are 
often scanty and difficult to find, even with 
special stains which accentuate their cross stria- 
tions. Rounded or irregular cells with coiled 
myofibrils but without cross-striations are 
usually more readily apparent. (Fig. 13.15). 
When growing beneath a mucous membrane, 
these tumours often present with numerous 
blunt translucent processes — hence the name of 
sarcoma botryoides (grapelike sarcoma). These 
are highly malignant tumours: local recurrence 
after excision and blood-spread metastases are 
usual, and (unlike most sarcomas) lymph node 
metastases are common. 

Rhabdomyosarcomas are also seen very 
rarely in the heart. Benign tumours, perhaps 
better regarded as hamartomas (p. 358), are 
seen there in children with epiloia (tuberous 
sclerosis): they consist of swollen muscle cells 
packed with glycogen and some confusion has 
in the past existed between these lesions and the 
cardiac changes of glycogen storage disease (p. 
30). 



Fig. 13.15b As 13.15a. The nature of the myofibrils 
is more obvious when the cells are elongated ‘strap 
cells’ and the fibrils produce cross striations as seen 
here, especially below right, but these are usually 
hard to find. 
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Tumours and Malformations of Blood Vessels and Lymphatics 


Angiomas 

Haemangioma. A haemangioma consists of a 
mass of blood vessels, atypical or irregular in 
arrangement and size. A corresponding growth, 
lymphangioma, is composed of lymphatic ves- 
sels similarly altered; but, as this is rarer, the 
term angioma is often used as synonymous 
with haemangioma. 

The majority of the lesions called angiomas 
are not true tumours, but hamartomas.* They 
are present at birth, even if not always visible, 
and their enlargement ceases with the growth of 
the patient. Most angiomas are well-defined 
masses of vascular tissue which resemble tumours 
sufficiently to justify their inclusion here. The two 
common varieties are as follows. 

(a) Capillary angiomas consist of dense plexi- 
form arrangements of vessels of capillary size 
(Fig. 13.16). They occur especially in the skin, 
where they form one of the two common types 
of naevusfor birthmark, but are also seen in the 
internal organs. Most are small, but larger les- 
ions occur, e.g. the ‘port-wine stains’ of the 
face, which consist of capillary-like vessels with 
an abnormally large lumen. Capillary angiomas 
are usually well defined, and deep red or 
purple. The capillary vessels have a more pro- 
minent endothelial lining than normal capillar- 
ies and endothelial cells may be seen scattered 
or in clusters without formation of a lumen 
(Fig. 13.16). The stroma consists of well-formed 
collagen. There is no capsule, and outlying 
groups of capillaries in adjoining tissues often 
give a false appearance of invasion. The blood 
supply is usually clearly separated from that of 
the surrounding tissues, there being generally 
only one artery of supply. 

(b) Cavernous angiomas are found in the skin, 
subcutaneous tissue, lips and tongue and also 
in the liver. They consist of relatively large 
interconnecting sinus-like vascular spaces (Fig. 
13.17). In the liver they form deep-purple well- 
defined masses, usually polygonal rather than 
round and not raised above the surface, signs 
of their lack of expansile growth. 



Fig. 13.16 Capillary angioma showing well-formed 
capillaries with prominent endothelial cells. The 
solid areas between capillaries include many cells 
which appear to be endothelial cells not related to a 
lumen, x 200. 

Angiomas are often multiple, and are also an 
important component of several diseases with 
a strong genetic predisposition., e.g. hereditary 
haemorrhagic telangiectasia (multiple small 
angiomas in skin and mucosae with a strong 
tendency to haemorrhage — p. 557), Lindau’s 
disease (cerebellar and retinal angiomas with 
cysts of liver and pancreas) and Sturge-Weber 
syndrome (facial and meningeal angiomas). 

A special form of angioma of the skin, the 
so-called sclerosing angioma, is dealt with 
later (p. 1084). 

Glomangioma (glomus tumour). This uncommon 
but interesting lesion apparently arises from the 
glomus bodies, small arteriovenous anastomoses 
with a coiled arteriole and abundant nerve supply 


A hamartoma is a malformation developing in early life and consisting of a tumour-like mass of cells or tissue whic 
grows with the individual and then ceases to grow when general body growth ceases (p. 358). 

,■ \ ;*A wwg Qaoteor birthmark) is a hamartoma of the skin made conspicuous by some definite colour difference froi 
^awitnwaaig normal area. Angiomas and pigmented naevi (pp. 1078-81) are the two co mmo n types.. 
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Fig. 13.17 Cavernous angioma of subcutaneous 
tissue, showing large intercommunicating spaces 
filled with blood, x 130. 


which control blood flow and temperature, particu- 
larly in the fingers and toes. In its most characteristic 
form, the glomangioma is a small bluish nodule, 
usually near the end of a finger, and extraordinarily 
tender to even light touch. On microscopic examina- 
tion the tumour is found to consist of two kinds of 
tissue variously interblended (Fig. 13.18). The first is 
angiomatous, with spaces containing blood, lined by 
endothelium, and separated by connective tissue 
containing varying amounts of smooth muscle. The 
other is cellular, with rounded or cuboidal cells 


called ‘myoid’, as transitions to smooth muscle fibres 
can be found. The growth contains numerous 
medullated and non-medullated nerve fibres and the 
pain is apparently due to distensile pressures in the 
blood-containing spaces, though the painfulness is 
not in proportion to the neural content. A small 
dermal leiomyoma may likewise be painful and the 
two may be related in origin. Glomangiomas have 
been described in deeper tissues, including the gut, 
but the characteristic pain occurs only with those in 
the limbs. 

Chemodectoma. Because of their close anatomical 
relationship with blood vessels it is convenient to con- 
sider here the tumours arising from the chemorecep- 
tor organs, viz. the carotid body, glomus jugulare, 
organ of Zuckerkandl and no doubt other less 
clearly defined structures such as the aortic bodies. 
These tumours have also been called non-chromaffin 
paragangliomas; they do not appear to produce any 
endocrine effects. 

Chemodectomas are usually benign, but their an- 
atomical sites may render complete surgical removal 
difficult. Thus carotid body tumours, which are the 
commonest variety, closely embrace the bifurcation 
of the common carotid artery, and the glomus jugu- 
lare tumours involve the middle ear and present as re- 
current bleeding aural polyps; they may also present 
mtracranially. Microscopically the architectural pat- 
tern is similar to the tissue of origin, consisting of 
many small masses of cells of variable size, some- 
times enclosed in a boxlike framework of fine fib- 
rous tissue (Fig. 13.19). The tumour cells are usually 
polygonal and may be spindle-shaped in places but 
aberrant types with hyperchromatic nuclei are not 



Fig. 13.18 Glomangioma. 

a Small subcutaneous encapsulated growth showing the coiled arteriole, x 8. 
b The clear myoid cells surrounding a vascular space, x 350. 
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Fig. 13.19 Chemodectoma of the carotid body, 
showing the characteristic boxlike pattern and highly 
vascular stroma, x 160. 


uncommon and do not indicate malignancy. The 
blood supply is very rich and of sinusoidal pattern. 

Malignant vascular tumours 

With the possible exception of Kaposi’s sarcoma (see 
below) which is relatively common in Central Africa 
but is of uncertain origin, true tumours of blood ves- 
sels are rare. 

Occasionally a lesion with the histological features 
of haemangioma grows unusually rapidly and is 
classed by some as a haemangio-endothelioma. Very 
rarely an apparent capillary haemangioma gives rise 
to metastases and thus merits the term haemangio- 
endotheliosarcoma. This latter term is also applied to 
malignant tumours which show the cellular abnor- 
malities characteristic of malignancy, but in which 
the neoplastic cells also show, in places, the struc- 
tural arrangement of endothelial cells lining a lumen. 

Rare tumours also arise from vascular pericytes 
(i haemangio-pericytoma ), the tumour cells being sepa- 
rated from vascular endothelium by basement-mem- 
brane material demonstrable by silver impregnation 
staining techniques. Some remain localised, but 
others metastasise. 

Exposure to vinyl chloride monomer predisposes 
to the otherwise very rare haemangiosarcoma of the 
liver (p. 312), but it is not certain that this tumour 
arises from vascular endothelium. 

Kaposfs sarcoma This remarkable disorder is rare 
IfL It fo mme ira some other parts of 

awl relatively common in some 


well-defined areas of Central Africa, where it is 
much more frequent in males. The condition pres- 
ents the syndrome of lymphoedema, multiple cuta- 
neous tumours which later ulcerate, lymphadeno- 
pathy and ultimately visceral involvement. The skin 
tumours at first consist of lobulated masses of highly 
vascular and cellular tissue resembling granulation 
tissue deep within the corium and separated by 
fibrous trabecula (Fig. 13.20). Later there is much 
haemorrhage in and around the lesions, the spindle 
cells and vascular sprouts increase progressively, 
mitoses are abundant, ulceration of superficial les- 
ions occurs and the regional lymph nodes may be 
replaced by similar highly vascular spindle-celled 
tissue. Despite their tumour-like appearance many 
lesions ultimately stop growing and heal with scar- 
ring, although the disease may progress elsewhere. 
However, in many cases (the proportion is uncer- 
tain), the lesions become progressive in internal 
organs, especially the intestines. This occurs more 
frequently in Central African cases than in those in 
South Africa or elsewhere. The superficial lesions re- 
spond well to radiotherapy and chemotherapy. The 
condition is sometimes associated with lymphomas. 

It is uncertain whether this is a true neoplasm but 
in some cases it certainly behaves like one. Evidence 
from histochemistry and tissue culture indicates that 
the spindle cells are not fibroblasts: the lesion may 



Fig. 13.20 Kaposi’s sarcoma. An early lesion show- 
ing fhe zone of fibrous tissue between the vascular 
spindle-celled tumour and the epidermis, x 130. 
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be an angiosarcoma derived from lymphatic endoth- 
elium as the cells lack the enzymes characteristic of 
blood capillary endothelium. 

Tumours of lymphatics 

Lymphangioma. This may be composed of 
numerous lymphatic vessels — the plexiform 
lymphangioma — but more frequently it has a 
cavernous structure. Dilatation and diffuse 
growth of vessels may give rise to enlargement 
of a part, e.g. the tongue ( macroglossia ). In 
such lesions there is even less evidence than in 
haemangiomas of neoplastic growth, and the 
more diffuse lesions may be hard to distinguish 
from the effects of lymphatic obstruction, 
though in most cases it is clear from the 
anatomy that no such obstruction can be pres- 
ent, and a congenital malformation (or 
hamartoma — p. 358) of the lymphatics is pres- 
ent. It is becoming increasingly common to 
describe such lesions as lymphangiectasis rather 
than lymphangioma. Lesions, whether diffuse 
or compact, are commonest in the skin and 
subcutaneous tissue. Each forms a somewhat 
ill-defined, doughy or semi-fluctuant swelling, 
containing large, intercommunicating lym- 
phatic spaces. They contain clear lymph with 
occasional lymphocytes. Sometimes bleeding 
into the spaces renders the diagnosis between 
haemangioma and lymphangioma difficult. 
Lymphangiomas occur occasionally also in 
mucous membranes in the wall of the bowel 
(Fig. 13.21), in the tissues of the orbit and mes- 
entery, and elsewhere. 

In rare cases lymphangiomas of neck, retro- 
peritoneum or mesentery undergo great dilata- 



Fig. 13.21 Cavernous lymphangioma of small in- 
testine. It is made up of large intercommunicating 
spaces filled with clear lymph (which has coagulated 
and then shrunk in processing the tissue). It occupies 
both mucosa and submucosa, the mucosa being 
much distorted but otherwise not much damaged. 

tion, forming a multilocular ramifying cystic 
mass which may become very large. Occasion- 
ally a single cyst is formed which may be dis- 
tinguished from other cysts by its endothelial 
lining. 

Lymphangio-endothelioma (lymphangiosar- 
coma) is a very doubtful entity, but has been 
described as arising in the lymphatics of the 
arm, following their obstruction by mastectomy 
and irradiation for mammary cancer. Very sim- 
ilar appearances may result from a slow, diffuse 
permeation of the lymphatics by carcinoma and it 
remains undecided whether this is the real nature 
of the so-called lymphangiosarcoma. 


Tumours of Neuro-Ectodermal Origin 


From the ectodermal cells of the neural tube 
and crest are derived the tumours of (a) the 
neuroglia, (b) nerve cells and their precursors, 
(c) nerve sheaths, (d) peripheral neuro-receptor 
organs, (e) the melanocytes, and probably also 
of (/) the meninges. These tumours will be dis- 
cussed in detail in the chapters op the nervous 
system and the skin. It will suffice at this stage 
to mention very briefly a few types and their 
features. 


Tumours of neuroglia 

These tumours, termed the gliomas, are the 
commonest primary tumours of the central ner- 
vous system. They occur mostly in the brain, 
but also rarely in the spinal cord. Because of 
their anatomical site and the pressure effects 
they may exercise on vital structures most glio- 
mas eventually kill the patient. Even those of 
high cellularity and aberrant cellular structure. 
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which often spread widely within the cranial 
and spinal cavities, do not metastasise in ex- 
tracranial tissues except rarely after surgical 
treatment involving craniotomy. (This rarity of 
distant metastases applies to all intracranial 
tumours, and appears to be a characteristic of 
the intracranial site, not of the type of 
tumour.) 

Gliomas may take origin from all types of 
neuroglial cells and may be slow-growing, and 
rich in glial fibrils, but may nevertheless 
undergo central necrosis and become cystic. 
Even these well-differentiated tumours have ill- 
defined margins and differ from most benign 
tumours in having no capsule. At the other 
extreme are highly pleomorphic rapidly grow- 
ing cellular tumours in which necrosis and 
haemorrhage are conspicuous. 

Tumours of nerve cells 

Perhaps because mature neurones are perman- 
ent cells which do not divide, nerve cell tum- 
ours are very rare in adults. 


Medulloblastoma, a rapidly growing tumour 
of primitive nerve cell type, occurs in children, 
usually in the cerebellum (p. 787). 

Ganglioneuromas are rare tumours com- 
posed of mature ganglion cells and nerve fibres. 
They arise chiefly in the sympathetic chain and 
adrenal medulla (p. 789). Clinically and histo- 
logically they behave as benign tumours except 
when they contain foci of neuroblasts. 

Neuroblastoma or sympathicoblastoma is a 
highly cellular tumour which occurs chiefly in 
the adrenal medulla and in the sympathetic 
chain, usually in children. It consists of small 
round or oval cells with scanty cytoplasm, in 
places arranged in ball-like clusters which, on 
section, appear as rosettes. These tumours are 
highly malignant and metastasise widely, espe- 
cially to the skull and other bones (p. 788). 

Although strikingly different in appearance, 
it appears that ganglioneuroma and neuroblas- 
toma are benign and malignant variants of the 
same tumour. Some differentiation commonly 
occurs in a neuroblastoma. Rarely, it matures 
completely into a ganglioneuroma. 


Melanocytic tumours 


The cells which form melanin are of neural 
crest origin and are called melanocytes (p. 
1078). The skin and the eye are their chief sites, 
and in both places they are important sources 
of tumours. 

Skin tumours are dealt with fully in Chapter 
27. The so-called pigmented naevus is so 
common that few people are free of them. It is 
a benign lesion, better regarded as a ham- 
artoma than a true tumour, formed by a mass 
of melanocytes (‘naevus cells’) which accumu- 
late in the dermis as a result of excessive proli- 
feration of melanocytes in their normal site in 
the basal layer. Malignant melanomas are much 
less common, but common enough to be an im- 
portant type of cancer. They arise from epider- 
mal melanocytes, often at the site of a pigmen- 
ted naevus. They are highly malignant and, 
unless excised at an early stage, are liable to 
metastasise extensively, both to lymph nodes 


and via the blood: since the tumours are often 
very dark due to melanin production, they can 
present a striking picture at necropsy. 

Ocular melanomas. Malignant melanomas of 
the eye, though far from common, are the least 
rare of all intraocular malignant tumours (p. 
802). 

Melanomas at other sites. Melanocytes spill 
over all the mucocutaneous junctions into the 
adjoining mucous membranes to varying dis- 
tances and in varying numbers, and melanomas 
occur at the corresponding sites. They are least 
rare in the nose, but arise also in the mouth, 
conjunctiva, vagina and anus and even in such 
deeper sites as oesophagus and rectum. The 
presence of melanocytes in the meninges is also 
reflected in the rare occurrence of meningeal 
melanomas, which, like other intracranial tum- 
ours, are remarkable for their inability to 
metastasise outside the cranial cavity. 



Tumours of haemopoietic , lymphoid and mononuclear phagocyte systems 353 

Tumours of the Haemopoietic, Lymphoid and Mononuclear 
Phagocyte Systems 


Classification within this group is difficult, and 
it is only in the last few decades that some of its 
most important members — the leukaemias and 
Hodgkin’s disease for instance — have become 
fully accepted as neoplastic. Nomenclature still 
tends to be anomalous and classification dis- 
puted. The principal varieties are described in 
Chapters 17 and 18 and only a few general 
points will be made here. 

The cells of these three systems are all de- 
rived from pluripotent haemopoietic stem cells 
which are present in the haemopoietic tissue and 
in small numbers in the blood (p. 116). Another 
common feature is the continuous production 
of the various cell types throughout life. 
Thirdly, the mature cells of these systems leave 
their site of origin in the haemopoietic marrow 
and circulate in the blood. Lymphocytes (which 
are produced also in the thymus) multiply in 
the secondary lymphoid tissues in response to 
antigenic stimuli and recirculate continuously 
between the blood, secondary lymphoid and 
other tissues. Monocytes settle as macrophages 
in nearly all tissues in the body, but especially 
in the spleen and lymphoid tissues, the liver, 
lung and haemopoietic marrow. 

Immature precursors of cells of the blood do 
not normally escape into the blood, but may do 
so in various conditions of stress, and the 
spleen and liver can revert to their fetal role of 
haemopoiesis. 

With all this movement and wide distribu- 
tion of the normal cells of these systems, it is 
not surprising that neoplastic cells arising from 
them often do not form a single tumour mass, 
but spread widely from the start. The more 
slowly-growing, better differentiated neoplasms 
tend to spread particularly to the sites which 
normally contain the corresponding type of 
non-neoplastic cells. For instance, in chronic 
myeloid leukaemia, a well-differentiated neo- 
plasm of the granulocyte series, very large num- 
bers of tumour cells appear in the blood from 
the start, but the solid organs most involved 
are usually the marrow, liver and spleen, i.e. 


the normal sites of haemopoiesis at various 
stages of life. By contrast, the poorly differen- 
tiated acute leukaemias produce far fewer 
mobile cells in the blood (and sometimes none 
at all) and tend to a more destructive infiltra- 
tion of the marrow and other organs. Similarly 
the better differentiated lymph node tumours 
characteristically cause widespread moderate 
enlargement of multiple lymph nodes and other 
lymphoid structures but often do not spread 
very much to non-lymphoid tissues, while the 
less well differentiated may cause large local 
masses and are less discriminating in spread to 
other structures. 

Any tissue which contains any of the cells 
belonging to the relevant categories (which 
means practically any tissue in the body) can 
give rise to tumours within this group, but the 
vast majority arise either in the bone marrow 
(leukaemias and myeloma*) or the lymph 
nodes (lymphomas, including Hodgkin’s dis- 
ease). As will be obvious from what has been 
said above, a benign tumour in the ordinary 
sense of the word must be exceptional, alth- 
ough non-progressive monoclonal proliferation 
of plasma cells is common in old age. Localised 
nodules of abnormal lymphoid tissue are some- 
times found, for example in the rectum and 
skin, and may be called ‘benign lymphoma’ or 
‘benign lymphocytoma’ but it is very doubtful 
whether these are tumours at all. 

The immunological importance of these 
tissues is naturally reflected in their tumours. 
Immunological abnormalities are fairly com- 
monly associated with some lymphoid tum- 
ours, the most striking example being produc- 
tion of immunoglobulin in large amounts by 
the neoplastic plasma cells of myeloma. 

The viral aetiology of lymphomas and leu- 
kaemias in several animal species is now 
beyond doubt, and it is very likely that these 
human tumours are also virus-induced: so far, 
however, the evidence is largely indirect, except 
in the special case of Burkitt’s lymphoma (p. 
304). 


‘Myeloma is a neoplastic proliferation of plasma cells, and thus a B-cell lymphoma. 
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‘Mixed’ Tumours 


A considerable number of tumours consist of 
two or more different kinds of tissue. The 
reasons for this are very diverse: the most 
important can be classified as follows: 

(a) ‘Collision’ tumours result when two dif- 
ferent tumours arise close together and inter- 
mingle; the juxtaposition may be a chance 
event, or the result of a local carcinogenic stimu- 
lus affecting several tissues. 



a 


cinomas (‘ adeno-acanthomas r ), with mixed 
squamous and glandular elements, which arise 
especially in the uterus and the bronchi. 

(d) Tumours with variable differentiation. 
This occurs especially in carcinomas, parts of 
which are so poorly differentiated as to resem- 
ble sarcomas. It is almost certain that most so- 
called ‘carcinosarcomas’, both human and ex- 
perimental, are of this type (Fig. 13.22). 



b 


Fig. 13.22 Squamous carcinoma of tongue, showing so-called carcinosarcoma, 
a On the left typical squamous carcinoma, showing continuity with spindle-shaped epithelial cells, 
b On the right a purely spindle-cell area containing many mitoses. Transitions from (a) to (b) are readily 
found, x 200. 


( b ) Stromal changes in epithelial tumours. The 
cartilaginous metaplasia of the stroma in 
mixed-salivary tumours, the bony metaplasia 
seen in a very few carcinomas of the colon, and 
the lymphoid stroma of some seminomas all 
produce the appearance of a mixed tumour, 
though only the epithelial element is truly neo- 
plastic. 


(c) ‘Metaplastic’ tumours. Tumours arising 
from tissues which readily undergo metaplasia 
foo© one type to another often reflect this 



( e ) With the exception of teratoma (see 
below) true mixed tumours involving the co- 
ordinated neoplastic growth of two indepen- 
dent tissues are hard to find. The fibroadenoma 
of the breast is the only completely acceptable 
example, though some connective tissue tum- 
ours, such as the angiolipoma, may qualify. 

(/) ' Embryonal ' tumours. There is a group of 
tumours, mostly highly malignant, which arise 
usually in infancy and appear to be derived 
from immature tissue. Most of these (neuroblas- 
toma, medulloblastoma, hepatoblastoma, for 


As stated above, teratoma is the outstanding 
example of a true mixed tumour; it is of suffi- 
cient importance and interest to consider more 
fully. Choriocarcinoma is not a mixed tumour: 
it is described here because it sometimes de- 
velops within a teratoma, but it also occurs 
alone, originating usually from placental 
trophoblast. 

Teratoma 

A teratoma is a tumour composed of various 
tissues, chaotically arranged and usually of the 
most diverse types, with no relation to the site 
of origin. They are not rare and are of practical 
importance. They are most common in the 
ovaries and testes, though they occur in other 
parts, such as the mediastinum, retroperitoneal 
tissues and pineal. They are usually single but 
occasionally more than one is present. There is 
great variation in naked-eye appearances, and 


cyst formation may be a notable feature, as 
in the common benign ovarian teratoma 
(‘dermoid’). There is endless variety in the 
tissues and in their arrangement. Cartilage, 
bone, epidermis, glandular epithelium, hair, 
teeth, etc., are common components, especially 
in the benign forms, but other specialised 
tissues e.g. hepatic, renal, nervous, ocular and 
haemopoietic are also found (Figs. 13.24, 
13.25). While a teratoma may be of such a 
complicated constitution, there is no proper 
formation of organs, limbs, etc., and a very 
important fact is that there is no trace of a ver- 
tebral column and no metameric segmentation. 
Germ cells and germinal epithelium are also 
always absent. 

Because of their complicated structure, ter- 
atomas were formerly believed to arise from 
totipotent cells, i.e. from dislocated blas- 
tomeres. However, proliferation of a blas- 
tomere gives rise to an organised embryo, in 







Fig. 13.24 Benign ovarian cystic teratoma or 
‘dermoid’. Above there is a cleft lined by squamous 
epithelium which is part of the main cyst. The cyst 
on the left is lined partly by columnar, partly by 
non-keratinising squamous epithelium. The lowest 
cyst is lined by folded columnar epithelium of 
alimentary type, and the resemblance to gut is 
heightened by an incomplete layer of smooth muscle 
related to it. x 72. 


Fig. 13.25 Testicular teratoma (malignant). Be- 
cause of loss of differentiation the diversity of tissue 
types is harder to demonstrate, but there is obviously 
a variety of epithelia present here, the large dark- 
staining tubules being of primitive neural type, x 62. 

right sex (i.e. are XX) but about half of those 
in men have female nuclei, as would be ex- 
pected if they were produced by fusion of two 
haploid cells in the male gonad. Recent evi- 


contrast to the chaotic mixture of tissues in a 
teratoma. Another view is that teratomas are 
derived from the male or female germ cells. The 
frequency of teratomas in the gonads supports 
this possibility. Something of the nature of par- 
thenogenetic development would have to be 
assumed, as is known to occur in amphibian 
ova under the influence of certain salt solu- 
tions. In cocks the intratesticular injection of 
solutions of zinc salts during the breeding 
season or after stimulation by pituitary gona- 
dotrophin has led to the development of highly 
malignant complex teratomatous tumours 
closely resembling those in man (Bagg, 1936) 
but similar results do not appear to have been 
achieved in mammals. 

Study of the sex chromatin (p. 1002) has pro- 
vided some evidence in favour of the partheno- 
tymeAtc origin of teratomas. It has been found 
i®8*e*nas in women have nuclei of the 


dence from chromosome studies supports this 
view: the genes carried in the cells of a benign 
teratoma are identical with those of the host, 
but are redistributed between the members of 
each pair of chromosomes in a manner which 
normally occurs only during meiosis. 

Teratomas are commonest in the ovary, in 
which site they are usually benign: elsewhere 
they are nearly always malignant. One type of 
tissue in a benign teratoma sometimes under- 
goes malignant change and when this happens 
the metastases consist of that one tissue only. 
In malignant teratomas of the type seen espe- 
cially in the testis, all the tissues present are 
malignant from the start and metastases may 
contain any or all of them. 

Benign teratomas never contain tissues of 
extra-fetal origin, such as trophoblast (see 
below) or yolk sac: their presence in a tumour, 
either alone or as part of a teratoma, always 
indicates malignancy. 
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Monstrosities. Any sufficiently striking con- 
genital structural abnormality may be called a 
monstrosity. When identical twins develop 
from a single fertilised ovum a variable amount 
of fusion may take place. This may be of 
limited extent as in so-called Siamese twins, 
or it may affect a considerable part of the 
body. Partial fusion of two germinal areas is often 
invoked. Then there are cases where one fetus 
is imperfectly represented and fused with the 
other, growing on it in parasite-like fashion or 
included within its abdominal cavity — fetus in 
fetu. Many sacral teratomas and epignathi pro- 
bably belong to this group. All such abnormali- 
ties, which are extremely varied, are spoken of 
as monstrosities. They show wide deviations 
from the normal, but the formation of parts 
and the relations of the tissues to one an- 
other are well maintained: thus, organs may be 
doubled, and a limb, though abnormal in size 
or form, is still a limb. Monstrosities are now 
generally thought to be a fundamentally differ- 
ent nature from teratomas and apparent transi- 
tions are almost certainly fallacious. A defect in 
the mechanism of the primary organisers at a 
very early stage of formation of the embryo 
may well be responsible for this type of abnor- 
mality. 

Choriocarcinoma 

This is uncommon except in the Far East. It is 
a highly malignant tumour which usually origi- 
nates from, and retains recognisable features 
of, trophoblastic epithelium (Fig. 13.26). It also 
retains the trophoblastic property of invading 
blood vessels, and so metastases are usually 
early and widespread. Choriocarcinoma arises 
occasionally from trophoblastic differentiation 
in a teratoma of the testis, mediastinum, etc., 
but its usual site is in the uterus, where it origi- 



Fig. 13.26 Choriocarcinoma, showing Langhans’ 
cells (cytotrophoblast, bottom right) and giant cells 
(syncytiotrophoblast, centre) invading uterine wall 
(left), x 230. 

nates from the placental trophoblast of a preg- 
nancy and is thus a fetal tumour growing in 
the mother. In spite of this, it grows and ex- 
tends rapidly, but responds unusually well to 
chemotherapy, and in some instances removal 
of the primary tumour has been followed by 
apparently spontaneous disappearance of 
metastases. These unusual features, which 
apply only to the uterine (fetal) choriocarcino- 
mas, are probably due to a homograft reac- 
tion. 


Tumour-like Lesions and Cysts 


There are a number of lesions which resemble 
tumours but have distinctive features which 
cast doubt on their neoplastic nature. Examples 
already described in this chapter include the 
fibromatoses (p. 342), haemangiomas (p. 348) 


and monstrosities. Among such tumour-like 
lesions the groups termed hamartomas merit 
further description. Cysts are not tumours 
and are described here for want of a better 
place. 
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Hamartoma 

This is a convenient term for an ill-defined 
group of lesions which have some resemblance 
to tumours but are not neoplastic. They usually 
appear before or soon after birth, grow with 
the individual and cease to grow when general 
body growth ceases. They may consist of a 
single type of cell, e.g. pigmented naevi, com- 
posed of a collection of melanocytes (p. 1080), 
a particular type of tissue, e.g. haemangioma, 
or a mixture of tissues, e.g. cartilage, epithelial- 
lined clefts, adipose and fibrous tissue in the so- 
called adenochondroma of the lung (p. 496). 
Those in the internal organs form lumps which 
can be mistaken grossly for tumours, while in 
the skin they may be nodular or may present as 
a patch of discolouration, e.g. the capillary 
haemangioma (p. 348) and some pigmented 
naevi. Hamartomas can best be understood as 
arising from a localised disorder of the relation- 
ships of normal tissues leading to overproduc- 
tion of one or more elements but without the 
property of progressive growth characteristic of 
tumours. There are many varieties, and some 
have a tendency to progress to true neoplasia, 
for example pigmented naevi (although the risk 
is small) and exostoses (bony projections with a 
cartilaginous cap) arising from the axial skele- 
ton or proximal limb bones (p. 904). 

Cysts 

The term ‘cyst’ properly means a space contain- 
ing fluid and lined by epithelial cells. In most 
cysts the epithelial lining is not neoplastic and 
such cysts are neither tumours nor parts of tu- 
mours: they are included here only for conveni- 
ence. Nearly all cysts arise by the abnormal 
dilatation of pre-existing tubules, ducts or cavi- 
ties, though a cyst may lose its cell lining due to 
inflammatory or other change, and come to be 
lined by granulation or denser fibrous tissue. 
The term is, however, often applied in a some- 
what loose way to other abnormal cavities con- 
taining fluid. For example, the term ‘apoplectic 
cyst’ is applied to a space in the brain contain- 
ing brownish fluid, which has resulted from 
haemorrhage. Some tumours, e.g. gliomas, 
undergo softening in their interior, so that a 
collection of fluid is formed, and the term 
‘cystic change’ is often used even when no true 
is formed. 


The cysts peculiar to each organ will be de- 
scribed in the later chapters: we shall give here 
only a classification of their causes. True 
cysts also occur in some tumours, the linin g 
epithelium being neoplastic, e.g. in cystic ade- 
nomas (p. 326) and teratomas (p. 355). Apart 
from these, cysts fall naturally into two main 
groups: (1) those due to congenital abnormali- 
ties, and (2) acquired cysts, i.e. those produced 
by lesions in post-natal life. 

(1) Congenital cysts 

These may also be grouped into two types: 

(a) They may arise within otherwise normal 
organs or tissues, as a result of the presence of 
epithelium of a type not usually present at that 
site after birth, either as a result of some minor 
displacement of an embryonal tissue or (more 
often) the failure to disappear of some embry- 
onic duct or cleft. The commonest site of cysts 
derived from vestigial ducts is the genito- 
urinary tract, where the disappearance of the 
mesonephros and its duct in both sexes, and 
of the Wolffian ducts in females and Mullerian 
ducts in males, often leaves behind a variety 
of persistent epithelial remnants: small cysts 
are very common among these, and larger ones 
(parovarian cysts) are not uncommon in the 
broad ligaments (p. 970). 

Other embryonic ducts which may persist 
and give rise to cysts include the thyroglossal 
duct (mid-line of neck, usually near the hyoid, 
p. 1030) and the urachus (usually at the umbili- 
cus). A similar mechanism operates with the 
branchial clefts; branchial cysts are produced at 
the side of the neck and are lined by squamous 
epithelium with usually a rim of lymphoid 
tissue. 

A different mechanism produces the seque- 
stration dermoids which result from imperfect 
fusion of embryonal skin flaps. They are lined 
with squamous epithelium and filled with ker- 
atin, and are found mostly in the mid-line of 
the chest and neck or at the angles of the eye. 

The ‘pearly tumour’ of the meninges, etc. 
(actually a squamous-epithelium-lined cyst, p. 
792) is an example of a simple displacement of 
squamous epithelium into the meninges, at the 
time of neural tube closure. 

(b) Cysts arising as part of a major congeni- 
tal abnormality of an organ. Examples are (i) 
polycystic disease of the kidneys (p. 860), in 
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which a major maldevelopment of the renal 
tubules (of several possible types) results in the 
formation of cysts in great numbers; (ii) the 
meningocele and other types of cystic swelling 
that complicate some cases of spina bifida, 
failure of proper closure of the neural tube 
being the basic defect (p. 772). 

(2) Acquired cysts 

These are of several varieties, the three follow- 
ing being the most important: 

(a) Retention cysts. These are formed by 
retention of secretion produced by obstruction to 
the outflow of secretion. A single cyst, some- 
times large, may be produced by the obstruc- 
tion of the main duct, e.g. of a" salivary gland 
or of a part of the pancreas. Obstruction of the 
orifice of a hair follicle gives rise to a cyst-like 
swelling filled chiefly with breaking-down kera- 
tin — the so-called sebaceous cyst, seen especially 
in the scalp. On the other hand, numerous small 
cysts may result from obstruction of small ducts, 
an occurrence which is not uncommon in fibro- 
sing lesions of the kidney. 

(b) Distension cysts are formed from natural 
enclosed spaces. They occur in the thyroid from 
dilatation of the acini, and occasionally also in 
the pituitary: cystic dilatation of Graafian fol- 
licles in the ovaries is also common. Distension 
of spaces lined by mesothelium is also seen; for 
example, a bursa may enlarge to form a cystic 
swelling, and there is the common condition of 
hydrocele due to an accumulation of fluid in 
the tunica vaginalis. 


Occasionally in the adult an implantation cyst 
occurs by the dislocation inwards of a portion 
of epidermis by injury. The epithelium grows 
and comes to line a space filled with degenerate 
epithelial squames (Fig. 13.27); rarely hair fol- 
licles are present in the wall. Implantation cysts 
may result also from wounds of the cornea. 

(c) Parasitic cysts. These are cystic stages in 
the life cycle of cestode parasites. The most 
striking examples are the ‘hydatid’ cysts pro- 
duced in man, usually in the liver, by the dog 
tapeworm Taenia echinococcus, though small 
cysts may be produced in the brain and other 
parts by the cysticerci of Taenia solium. 



Fig. 13.27 Implantation cyst in subcutaneous tissue, 
showing lining of stratified squamous epithelium and 
keratin in the lumen, x 200. 
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Blood Vessels and Lymphatics 


Arteries 


Introduction 

Lesions of the arteries are very important be- 
cause of their frequency and serious conse- 
quences. The commonest important disease in 
developed countries is atheroma (atheroscler- 
osis), which consists of prolonged, slow, patchy 
accumulation of lipids and fibrosis, in the intima 
of arteries of various sizes. The patchy thicken- 
ing results in narrowing of the lumen with con- 
sequent chronic ischaemia of the various 
organs and tissues. Acute ischaemia can result 
from the occlusion of an artery by local throm- 
bosis or embolism; these processes have been 
dealt with in Chapter 9, but it is important to 
emphasise here that arterial thrombosis is usually 
the result of disease of the artery wall, and athe- 
roma is the commonest predisposing cause. 

Another very common arterial change is 
termed arteriosclerosis. This is a diffuse change 
in the walls of arteries, in which the muscle and 
elastic tissue slowly diminish and are replaced 
by fibrous tissue, with the result that the 
arteries become more firm and rigid. Like athe- 
roma, these changes occur in various degrees 
with increasing age, but they are aggravated 
and accelerated by systemic hypertension in 
which the fibrous replacement is preceded, at 
least in some instances, by hypertrophy of 
muscle and elastic tissue. Arteriosclerosis alone 
is usually without serious consequences, but 
the accompanying changes in the arterioles— 
arteriolosderosis — result in ischaemia, par- 
ticularly of the kidneys. 

A very common and important condition 
which affects the arteries and arterioles is sys- 
temic hypertension, a state in which the arterial 
ijfood pressure i$ raised. In most cases, the 
blood pressure is not 


known, but it is likely that, in all instances, the 
rise is mediated by increased muscle tone in the 
arterioles. Prolonged hypertension, as men- 
tioned above, leads to severe arteriosclerosis 
and arteriolosderosis; it is by far the com- 
monest cause of rupture of the cerebral arteries 
to produce haemorrhage into the brain, and is 
an important cause of heart failure. 

Diseases of the arteries which bring about 
severe destruction of the muscle and elastic 
tissue, particularly of the media, may weaken 
the wall to such an extent that dilatation re- 
sults, and if localised this is termed an an- 
eurysm; rupture of the vessel wall may occur, 
with or without preceding dilatation. Severe 
weakening can result from various forms of ar- 
teritis, including that due to syphilis, but also 
from atheroma and from degenerative changes 
of unknown nature in the media. All three of 
these conditions can give rise to aortic an- 
eurysm. Aneurysm formation and rupture may 
result also from developmental defects, as seen 
in the arteries at the base of the brain. Another 
effect of the various types of arteritis is to pro- 
mote thrombosis, although atheroma is a much 
more important cause of this in certain arteries. 

Effects of ageing. Throughout adult life, the 
walls of arteries of all sizes become gradually 
less resilient and more rigid; they tend to 
enlarge both in diameter and in length. These 
changes constitute senile arteriosclerosis: they 
are well illustrated by the prominence and tor- 
tuosity of the temporal arteries in older people, 
and are due to gradual increase in collagen and 
ground substance at the expense of smooth 
muscle and fine elastic fibres. The media is 
mainly affected, but also the intima which be- 
comes appreciably thickened. Chemical analy- 
sis has shown that there is also a gradual in- 
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crease in calcium salts in the artery walls. Senile 
arteriosclerosis has little effect on function. 
Similar changes, but with some thickening of 
the artery walls, are a feature of chronic hyper- 
tension. 

Patchy thickening and hyalinisation of the 
walls of arterioles (hyaline arteriolosclerosis) 
also occurs with increasing age, particularly in 
the spleen and kidneys, but also in other vis- 
cera. When severe, it results in luminal narrow- 
ing, and may thus cause ischaemia, e.g. of the 
renal glomeruli. Hyaline arteriolosclerosis is 
exaggerated in hypertension and diabetes: it is 
described more fully on p. 373. 

Adaptation and hypertrophy. The muscular 
and elastic nature of the arterial wall readily 
permits dilatation to provide an increased 
blood flow to the part supplied. If the require- 
ment is more than transient, the lumen 
becomes persistently dilated and there is hyper- 
trophy of the muscular and elastic tissue, e.g. the 
physiological hypertrophy of the uterine arteries 
during pregnancy. Similar compensatory dila- 
tion and hypertrophy occurs in collateral ves- 
sels when a main artery is obstructed. 

In persistent hypertension, the tendency for 
the increased pressure to dilate and lengthen 
the arteries is partly prevented by com- 
pensatory hypertrophy of the circular muscle of 
the media and the intimal longitudinal muscle 
fibres which lie next to the internal elastic 
lamina (Fig. 14.1). The vascular changes in 
hypertension are described in more detail on 
pp. 371-4. 

Endarteritis obliterans. Intimal thickening of 
arteries occurs when concentric laminae of cell- 
ular connective tissue form in the intima and 
obliterate or narrow the arterial lumen. New 
elastic tissue is laid down independently of the 
internal elastic lamina and may appear as a 
layer under the endothelium or as a number of 
small new laminae. This lesion is called endar- 
teritis obliterans and is found in chronic in- 
flammatory lesions. It is well seen in the base 
of chronic peptic ulcers (Fig. 14.2) and in 
the walls of tuberculous cavities, where it is 
beneficial in tending to prevent haemorrhage. 
It occurs also in the lesions of syphilis, in 
tuberculous meningitis (Fig. 21.33, p. 751) and 
silicosis, and in small arteries exposed to 
radiotherapy. Similar obliterative changes 
occur in the smaller arteries in severe hyperten- 
sion and in progressive systemic sclerosis. 



Fig. 14.1 Longitudinal section of the wall of an 
artery in essential hypertension, showing hyper- 
trophic thickening of the longitudinal muscle in the 
intima a and of the circular muscle in the media b. 
(Myocytes stained black.) x 110. 

When the functional requirements for blood 
flow through an artery are greatly reduced, the 
lumen is narrowed by obliterative endarteritis, 
which is the physiological mechanism of arter- 
ial involution. It occurs, for example, in the 
umbilical arteries and ductus arteriosus after 
birth, in the uterine and ovarian arteries after 
the menopause, and in the arteries supplying an 
area which is excised (e.g. a limb) or destroyed 
by disease. 



Fig. 14.2 Endarteritis obliterans in the base of a 
chronic peptic ulcer, a = intima, b = media. 
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Atheroma (Atherosclerosis) 

This is one of the most important diseases of 
developed communities. It causes narrowing of 
the lumen of arteries, is often complicated by 
occlusive thrombosis, and is the major cause of 
disability and death from heart disease, cere- 
bral infarction and ischaemia of the lower 
limbs. It is virtually always present in some 
degree in middle-aged and old people. 

Definition. The lesions of atheroma consist of 
patches (‘plaques’) of intimal thickening of the 
walls of arteries, due mainly to deposition of 
lipids and formation of fibrous tissue. The alter- 
native term atherosclerosis is used because the 
lesion has a soft, lipid-rich part (athere = por- 
ridge) and a hard (sclerotic) fibrous compo- 
nent. 

Naked-eye appearances. The earliest deposits 
of lipid in the intima of the aorta and large 
arteries are seen predominantly in childhood 
and adolescence and are known as fatty 
streaks. They appear as yellow non-raised 
spots in the luminal surface, which enlarge and 
coalesce to form irregular yellow streaks. Mic- 
roscopy shows them to consist of accumula- 
tions of lipid droplets in intimal cells (now 
known to be smooth muscle cells — see below) 
and in aggregates of macrophages lying be- 
neath the endothelium (Fig. 14.3). Fatty streaks 
are seen in children dying from various causes, 
including trauma, and are apparently equally 
common in all communities, regardless of 
whether or not there is a high incidence of 
atheroma later in life. Because they are found 
mainly in children, many of the fatty streaks 



Fifr 14.3 Intimal lipid deposit in the aorta of a 
child aged 11 years: accidental death. (Frozen sec- 
lipid stained blade.) x 200. (Dr. Morag McCal- 
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must disappear, but it is not known whether 
some of them persist and progress to atheroma 
in communities with a high incidence of this 
disease. 

The earliest recognisable atheromatous les- 
ions are seen commonly from young adulthood 
onwards in atheroma-prone communities. They 
consist of small disc-like yellowish, slightly 
raised patches of intimal thickening with a 
smooth glistening surface. As the condition 
progresses, the patches enlarge and thicken by 
further deposition of lipid deep in the intima 
and by fibrosis more superficially (i.e. adjacent 
to the lumen): the patches become distinctly 
raised and when viewed from the in timal sur- 
face they may appear yellow or white depend- 
ing on the amount of white fibrous tissue 
overlying the yellow lipid deposits. In any one 
individual, the patches are at various stages of 
development, indicating progressive formation. 

Aorta. Atheroma occurs throughout the 
length of the aorta, but the abdominal aorta is 
usually more severely affected and patches 
often develop first around the origins of the 
intercostal and lumbar branches (Fig. 14.4). The 



Fig. 14.4 Mild atheroma of the abdominal aorta. 
The lesions are seen as raised patches and are 
located mainly around the origins of the arterial 
branches, x 0-8. 



Fig. 14.5 Lengths of the abdominal aorta: left, minimal atheroma; middle, severe atheroma with cracking and 
early ulceration of patches; right, very severe atheroma with ulceration and mural thrombosis. Note also that 
the two atheromatous aortas have lost their elasticity and stretched: this may be due to atrophy of the media 
beneath the extensive atheroma, but could also be the result of arteriosclerosis. 


patches vary in size up to several centimetres 
diameter and may in places become confluent. 
If a sizeable patch is cut across, lipid-rich paste- 
like material can be expressed from its deeper 
part, and fibrous thickening is seen as a white 
layer overlying this. The fibrous layer may 
break down, resulting in ulceration of the 
plaque, and mural thrombus is then likely to be 
deposited on the ulcerated surface; another 
common change is deposition of calcium salts 
which may convert the plaque to a hard brittle 
plate. Plaques showing ulceration, calcification 
or thrombus deposition are commonly referred 
to as complicated atheroma, and may produce 
great irregularity of the luminal surface of the 
aorta (Fig. 14.5). Other important features of 
aortic plaques are thinning of the overlying 
media, and in some instances extension of the 
plaque into the adjacent media, the wall is thus 
weakened and an aneurysm may develop, with 
the danger of rupture (p. 385). 

Other arteries. Atheroma occurs in arteries 
of all sizes down to approximately 2 mm diam- 
eter and is seen occasionally in mild form in 
even smaller vessels. The general features are 
similar to those seen in the aorta except that 
the plaques are necessarily smaller, often in- 
volve the whole circumference of the intima, 
and can cause all degrees of luminal narrowing 
down to virtual occlusion (Figs. 14.6, 14.7, 



Fig. 14.6 Atheroma of a coronary artery causing 
moderate narrowing of the lumen. The spaces in the 
deep part of the plaque represent lipid accumulation, 
x 10. 

14.8). Atheroma tends to affect especially 
arteries supplying the heart, brain and abdom- 
inal viscera, and also the arteries of the lower 
limbs. There is considerable individual varia- 
tion in its distribution, in some instances the 
aorta being mainly affected, in others the 
arteries at the base of the brain and/or the cor- 
onary arteries. The coronary arteries are often 
severely affected and are more often involved 
at a relatively early age than any other arteries. 
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Fig. 14.7 Severe atheroma of the superior mesen- 
teric artery, causing marked reduction of the lumen. 
Frozen section, stained with Scharlach R, showing 
the large amount of fatty material in the patch, 
x 15. 



FSg. 148 Severe atheroma of the left coronary 
artery in a patient with myxoedema. The lumen has 
hhi greatty reduced by atheroma and occluded by 
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The cerebral arteries also are subject to severe 
atheroma, but this is found chiefly in elderly 
persons. For unknown reasons, the renal 
arteries are seldom severely affected except in 
diabetics, in whom atheroma is often wide- 
spread and very severe. 

In the thin-walled arteries at the base of the 
brain the patches are visible from both inner and 
outer aspects of the vessels, and their yellow 
opaque appearance contrasts with the reddish 
translucency of the normal parts of the vessel 
wall (Fig. 14.9). 

Complications include: (a) haemorrhage into a 
plaque, which increases the degree of luminal 
narrowing (Fig. 15.2, p. 401); ( b ) rupture or 
ulceration of a plaque (Fig. 15.12, p. 406); and 
( c ) occlusive thrombosis (Fig. 15.6, p. 403) 
which is a major cause of infarction in the 
heart, brain and intestine, and of ischaemia of 
the legs. 

Microscopic appearances. The early changes 
are due to accumulation of lipids in prolifer- 
ated spindle cells, shown by electron micro- 
scopy to be smooth muscle cells, lying in the 
intima (Fig. 14.10). Lipids also accumulate be- 
tween cells deep in the intima (i.e. close to the 
media), particularly in relation to elastic fibres 
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Fig. 14.9 Circle of Willis and branches, showing 
marked patchy atheroma. 
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Fig. 14.10 Electron micrograph of part of a smooth 
muscle cell in an atheromatous plaque. The cyto- 
plasm is made up largely of myofibrils, and contains 
globules of fat, shown as light spaces. The fine fibres 
on either side of the cell are collagen, x 7500. 

and the internal elastic lamina. As the patch 
develops, thin laminae of connective tissue 
appear in the more superficial part of the 
intima and form the fibrous part of the lesion. 
Lipid-containing cells lie among the collagen 
fibres in this region. Areas of necrosis then de- 
velop, converting the deep part of the patch 
into a structureless accumulation of lipids, 
tissue debris (Fig. 14. 11) and sometimes altered 
blood, and the necrosis gradually extends into 
the overlying fibrous tissue. Calcium deposition 
may be visible microscopically. Infiltration of 
neutrophil leukocytes and other inflammatory 
cells is common, and lipid-laden macro- 
phages — ‘foamy cells’ — may appear around the 
lipid deposits, which usually contain crystals of 
cholesterol, represented in paraffin section by 
the typical elongated clefts (Fig. 14.11). The 
internal elastic lamina deep to the plaque is usu- 
ally disrupted and lipid deposition, necrosis and 
fibrosis may then extend into the adjacent 
media. Quite apart from this, the media deep to 
the plaque becomes thinned and atrophic (Fig. 
14.12). 

Small blood vessels grow into the atheroma- 
tous patch from the media of the affected 
vessels and sometimes also from the intimal 
surface. These may be the source of the haem- 
orrhage which commonly occurs in the patch, 
although, as already stated, the overlying fib- 



Fig. 14.11 Section showing part of an atheromat- 
ous patch of the aorta. In the deep part of the intima 
there is degenerate lipid-rich material a, the spindle- 
shaped spaces being due to cholesterol crystals. 
Lipid accumulation stops abruptly at the junction 
with the media b. x 1 10. 



Fig. 14.12 Atheroma of a cerebral artery. The 
intima is greatly thickened with accumulation of 
lipid in its deeper part (a) and dense overlying fib- 
rosis. The media (b) shows local atrophy over the 
patch, x 110. 
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rous patch may be very thin and may rupture, 
allowing blood to track in from the lumen. 

Effects 

Although the changes of atheroma are es- 
sentially the same in all arteries, their effects 
vary in arteries of different sizes. 

Large arteries. Uncomplicated atheroma of 
large arteries, such as the aorta, very often has 
no clinical effect because usually it does not 
substantially reduce the lumen or seriously 
weaken the wall. In advanced cases, however, 
an aneurysm may form in the abdominal aorta 
(p. 385) or occasionally in a common iliac 
artery. Thrombi which form on ulcerated 
plaques in the aorta seldom cause complete 
occlusion, probably because the rapid flow 
limits platelet adhesion. Occasionally, however, 
thrombus may extend to occlude the whole 
aortic lumen and when this occurs at the bifur- 
cation it can result in gangrene of the legs 
unless adequate collateral circulation has de- 
veloped, in which case there may be merely 
coldness and weakness of the legs with muscle 
wasting and sexual impotence but without isch- 
aemic pain or gangrene ( Leriche syndrome). 
Apart from occluding the aorta, thrombi and 
atheromatous debris from ulcerated plaques 
may break away and form emboli in the 
arteries of the lower limbs and abdominal 
organs such as the kidneys. 

Smaller arteries. By far the commonest 
important effects of atheroma are due to involve- 
ment of smaller arteries, the lumen of which 
may be progressively narrowed by an athero- 
matous patch or suddenly occluded by super- 
added thrombosis (Fig. 14.8). These effects, are 
well seen in the coronary arteries. Atheroma is 
the chief cause of ischaemic heart disease, the 
largest single cause of death in Europe and 
North America today (p. 400). Ischaemic brain 
damage is also very common and is usually the 
result of atheroma of the carotid, vertebral and 
basilar arteries, vessels of the Circle of W illis 
and cerebral arteries (p. 742). Atheroma does 
not cause aneurysms of smaller arteries. 

Arteries supplying the legs are often severely 
ather omatous, with consequent progressive 
diminution in blood supply. Eventually the col- 
lateral circulation becomes inadequate: relative 
muscle ischaemia can then be induced by the 
. wweasied metabolic demands of exercise, which 


produces severe pain in the leg, relieved by rest. 
This is the clinical syndrome of intermittent 
claudication. In time ischaemia may be so 
severe as to cause gangrene, which usually 
starts in the toes (Fig. 2.6, p. 12) and spreads 
proximally. Examination of legs amputed for 
gangrene usually shows narrowing or oblitera- 
tion and calcification of the main arteries of the 
leg. Because atheroma is often widespread, 
patients with severe involvement of the arteries 
of the lower limbs frequently suffer also from 
ischaemic heart disease. 

The arteries of the arms are rarely severely 
affected by atheroma. 

Aetiology 

Epidemiological surveys have revealed a 
number of predisposing factors in atheroma, 
but the mechanisms involved in the develop- 
ment and growth of the plaque are not yet 
understood. Most of the available information 
has been provided by morphological, histo- 
chemical and biochemical studies on the athero- 
matous plaque, and by experimental animal 
studies. It seems appropriate to discuss these 
biomedical investigations, and then to consider 
how the various known risk factors may con- 
tribute. 

The main features of the early lesion are 
accumulation of lipid, cellular proliferation and 
formation of fibrous tissue. 

Accumulation of lipid. Studies in man with 
labelled cholesterol suggest that most of the 
cholesterol in the human aortic intima is 
derived from the plasma. Since the arterial vasa 
vasorum supply only the outer part of the wall, 
plasma lipid must enter the intima from the 
lumen via the endothelial lining, and animal 
studies have shown that plasma proteins and 
certain lipids normally pass into the intima via 
this route, particularly around the mouths of 
arterial branches. This localisation suggests in- 
creased endothelial permeability at sites where 
atheroma tends to occur in man, and where les- 
ions resembling human atheroma can be in- 
duced experimentally by feeding animals on a 
cholesterol-rich diet. Such focal increase in per- 
meability is associated with an increased rate of 
endothelial cell-turnover and it has been sug- 
gested that the endothelium at certain sites, in- 
cluding the vicinity of arterial branching, is 
subject to increased shearing stress which may 
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account for its greater permeability and turn- 
over rate. There is no good evidence on the 
route of transport of lipid across the endo- 
thelial barrier: micropinocytic vesicles or the 
development of gaps between cells (p. 49) are 
obvious possibilities. Other agents which may 
play a causal role in atheroma have been 
shown to cause endothelial-cell injury, for ex- 
ample inhalation of cigarette smoke by rabbits 
results in focal endothelial-cell loss, while the 
formation of circulating antigen-antibody 
complexes, which increase endothelial per- 
meability by inducing gaps between endothelial 
cells (p. 154), has been shown to enhance the 
dietary-induced atheroma-like lesions of rab- 
bits. In man, cardiac allotransplants tend to 
develop extensive and heavy deposition of 
lipids in the intima of the coronary arteries, 
possibly as a result of endothelial injury result- 
ing from the reaction of host antibody with 
donor vascular endothelium. 

Cholesterol is transported in the plasma as a 
component of lipoproteins (p. 24), which are 
now usually classified into chylomicrons and 
three other groups which differ in their com- 
position, electrophoretic mobility and specific 
gravity — the a or high density lipoproteins 
(HDL), the /? or low density lipoproteins (LDL) 
and the pre-fi or very low density lipoproteins 
(VLDL). The LDL are particularly rich in 
cholesterol, much of which is in the form of 
cholesterol esters rich in linoleic acid, and a high 
proportion of the cholesterol in early atherom- 
atous plaques is also in this form. When pieces 
of aorta are incubated in culture medium con- 
taining lipoproteins, both HDL and LDL (but 
not VLDL) pass through the endothelium, but 
LDL accumulate in the intima in much greater 
amounts than HDL: there appears to be some 
mechanism of clearing HDL from the intima 
which is not effective for LDL. Immunological 
assay of lipoproteins in the human aortic 
intima, and particularly in early atheromatous 
patches, has demonstrated disproportionately 
large amounts of LDL. 

Findings such as those outlined above have led 
to the widespread belief that the lipid of ather- 
omatous plaques is derived from the plasma, that 
LDL make a major contribution to it, and that 
injury to the endothelium probably plays an im- 
portant role in allowing lipid to enter the intima. 

Cellular proliferation. The intimal cells which 
proliferate in early atheroma, and which accu- 


mulate droplets of lipid, have been shown by 
electron microscopy to be modified smooth 
muscle cells (Fig. 14.10) which migrate from 
the media, through the internal elastic lamina, 
into the intima. Two factors have been sug- 
gested to account for their proliferation. Firstly, 
it has been shown that LDL promote prolifer- 
ation of smooth muscle cells in aortic explants 
in culture. (Curiously, only LDL prepared 
from plasma in which the LDL level is high 
appear to have this effect.) Secondly, when 
platelets adhere to an injured vessel wall or 
form aggregates, they discharge their storage 
granules (the platelet release reaction — p. 232), 
and one of the stored products released is a 
basic protein which stimulates proliferation of 
smooth muscle cells in culture. 

So far, we have considered accumulation of 
lipid in the intima by the process of insudation 
from the plasma (filtration theory), but with 
mention of platelets the time is opportune to 
introduce the thrombogenic theory of atheroma, 
which was suggested by Rokitansky in 1852, 
only to be forgotten and re-introduced inde- 
pendently by Duguid in 1946. This theory pro- 
poses that injury to arterial endothelium results 
in recurrent deposition of a fine layer of mural 
thrombus consisting of platelets and fibrin, and 
that the thrombus is rapidly covered by endo- 
thelium and thus incorporated into the super- 
ficial part of the intima. It is further suggested 
that such thrombus is the origin of the lipid of 
atheroma and that its recurrent deposition 
accounts for the gradual development and 
growth of the atheromatous plaque. 

By use of labelled antibodies, both fibrin and 
platelets have been detected in approximately 
40 per cent of atheromatous patches. Experi- 
mentally, injury to aortic endothelium, e.g. by 
abrasion, has been shown to result in adher- 
ence of platelets which soon become covered 
by endothelium: platelet deposition is followed 
by active proliferation of smooth muscle cells 
in the intima, with formation of a fibromusc- 
ular plaque resembling early atheroma. De- 
pression of platelet adherence by dipyridamole 
or anti-platelet antibody inhibits the prolifera- 
tion of smooth muscle cells in such experi- 
ments. 

It may be concluded that deposition of a thin 
layer of platelets and fibrin on the surface of 
atheromatous patches is a common occurrence, 
and that such thrombus is rapidly incorporated 
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into the plaque. The role of thrombus in the 
development and growth of the plaque is un- 
certain, and many workers consider that it is 
unlikely to be the major source of atheromat- 
ous lipid. 

The fibrous tissue which forms the superficial 
(sub-endothelial) part of the atheromatous 
plaque is provided, at least in part, by the pro- 
liferated smooth muscle cells, which have been 
shown in tissue culture to be capable of pro- 
ducing collagen, elastin and the proteoglycans 
of ground-substance. These are curious cells, 
reminiscent in their properties of the myofibro- 
blasts of healing wounds (p. 84). Another sur- 
prising observation has been provided by the 
study of iso-enzymic forms of glucose-6-phos- 
phate dehydrogenase. These enzymes are en- 
coded by X chromosomes, and many American 
negresses are heterozygous, so that, as a result 
of Lyonisation (p. 513), half of their cells pro- 
duce one type (A) of iso-enzyme and the re- 
mainder produce another (B). Analysis of early 
cellular atheromatous plaques from such hetero- 
zygous women has shown that the smooth 
muscle cells of some plaques produce only iso- 
enzyme A, while those of other plaques (from 
the same individual) produce only B. This 
suggests that the cellular proliferation in each 
plaque is monoclonal, although there are other 
possible explanations. This remarkable finding 
may be of basic importance in atherogenesis 
(see Benditt, 1977). 

The necrosis which occurs in the lipid-rich 
depth of the atheromatous plaque may be due 
to ischaemia, although the deeper part of the 
plaque is supplied by the vasa vasorum which 
extend into the (normally avascular) intima of 
affected arteries. Another possible factor is the 
presence in the plaque of small amounts of 
unusual lipids shown to be capable of inducing 
tissue injury. 

The story of focal endothelial injury resulting 
in ingress of lipids by insudation and in de- 
position of platelets seems a reasonable explan- 
ation of the development of early atheroma. 
It does not, however, account for the growth 
of the plaque once a well-defined superficial 
layer of fibrous tissue has formed: neither 
insudation from the lumen nor mural throm- 
bosis would account for further increase 
in lipid deep in the intimal plaque, the most 
likely source of which seems to be the vasa 



Predisposing or ‘risk’ factors 

While the pathogenesis of atheroma is not fully 
understood, there are a number of factors 
which are known to predispose to its develop- 
ment. These are as follows. 

Blood lipids. An important relationship be- 
tween blood lipids and atheroma is indicated 
by the following observations. 

(1) There is a positive correlation between the 
average level of the serum or plasma cholesterol 
(which depends mainly on diet) in a community 
and the incidence and severity of atheroma. 

(2) Individuals with a high plasma total chol- 
esterol level have an increased risk of ather- 
oma, and the incidence of severe atheroma is 
very high in subjects with diseases accompanied 
by hypercholesterolaemia, for example diabetes 
mellitus, myxoedema, familial hyperbetalipo- 
proteinaemia (p. 30) and the nephrotic syn- 
drome. 

(3) Lesions resembling atheroma can be 
produced in various animal species by a 
cholesterol-rich diet. 

Hyperlipidaemia is now classified into the 
various types of hyperlipoproteinaemia, which 
differ in the type of lipoprotein which is in- 
creased and in their dependence on genetic and 
dietary factors. It is obviously important to 
determine whether atheroma is related to rise 
of a particular lipoprotein fraction and, if so, 
whether the hyperlipoproteinaemia can be cor- 
rected by diet. Unfortunately there is no simple 
method of assessing the presence, distribution 
and severity of atheroma during life unless it 
gives rise to symptoms. Accordingly, it is usual 
to regard ischaemic heart disease (IHD) as an 
indication of severe atheroma, and to seek 
associations between possible risk factors, e.g. 
hyperlipidaemia and IHD. It must be ap- 
preciated that IHD is a crude indication of 
atheroma, for in some patients with IHD, athe- 
roma is limited mainly to the coronary arteries, 
and many people without IHD have severe 
atheroma. Also, IHD is commonly due to oc- 
clusive coronary artery thrombosis super- 
imposed on atheroma, and accordingly it is not 
known whether risk factors implicated by such 
studies predispose to atheroma, to superadded 
thrombosis, or to both. 

Nevertheless, useful information has been 
provided by population studies. In the Fram- 
ingham investigation in Massachussets, re- 
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ported by Kannel (1971), the levels of serum 
cholesterol, phospholipid, LDL and VLDL 
were determined in over 5000 individuals, who 
were then followed up for 16 years. Ischaemic 
heart disease, indicated by myocardial infarc- 
tion, sudden death or angina pectoris, was 
shown to correlate strongly with each of these 
lipid fractions. Since this study was undertaken 
a classification or hyperlipoproteinaemias has 
been published by the World Health Organisa- 
tion (1970). Extensive prospective studies on 
the relationship between the types of hyperlipo- 
proteinaemia and atheroma have not yet been 
reported, but it is already apparent that there is 
a greatly increased risk of atheroma in indivi- 
duals with high levels of LDL and VLDL. The 
two commonest types of hyperlipoproteinaemia 
(lib and IV), both of which carry a high risk of 
IHD, are attributable to dietary excess, either 
of animal fats or of total caloric intake, and it 
seems very likely that the incidence and severity 
of atheroma, or at least of IHD, could be greatly 
diminished by modification of the diet. 

The association of LDL with a high risk of 
IHD fits well with the biomedical studies de- 
scribed earlier. Many cells, including smooth 
muscle cells, ingest LDL by micropinocytosis 
and make use of its cholesterol in the produc- 
tion of cell membranes. As mentioned on p. 30, 
the cell uptake of LDL is controlled by cell re- 
ceptors, etc.: the subject is more fully explained 
by Goldstein and Brown (1977). Defects of the 
control mechanisms result in the very severe 
atheroma of the familial hyperlipidaemias. No 
such defects have been demonstrated in the 
great majority of individuals with severe ather- 
oma, but high levels of LDL passing from 
the plasma into the intima of arteries might 
overwhelm the normal control mechanisms, 
resulting in accumulation of LDL. Unsaturated 
vegetable oils do not raise the LDL and are not 
atherogenic: they may even have a protective 
effect. 

There also appears to be an inverse rela- 
tionship between serum HDL levels and isch- 
aemic heart disease. A possible explanation is 
provided by experiments mentioned earlier in 
which pieces of aorta were incubated in culture 
medium containing lipoproteins: the presence 
of HDL was reported to result in transfer of 
cholesterol from the intima to the culture 
medium. 

Age and sex. It is not surprising that 


atheroma and its complications increase with 
advancing age, for the plaques grow slowly. 
Men are more severely affected than women at 
all ages, and indeed severe extensive atheroma 
is much less common in women until after the 
menopause, when it progresses as in younger 
men. The sex difference may be due to 
oestrogens, which are known to influence 
lipid metabolism and reduce the total plasma 
cholesterol. 

Hypertension. There is no doubt that hyper- 
tension is associated with an increased inci- 
dence and severity of atheroma. This has been 
established by necropsy studies. Moreover, in 
the Framingham and other prospective 
studies, a clear correlation has been de- 
monstrated between the height of the blood 
pressure and the risk of IHD, particularly in 
older men. It is not known how hypertension 
contributes to atheroma; one possibility is that 
it might promote endothelial injury by increas- 
ing the shearing stress on the endothelium. 

It is noteworthy that the pulmonary arteries, 
in which the pressure is low, are usually not 
affected by atheroma except in patients with 
pulmonary hypertension, e.g. in mitral stenosis. 

Cigarette smoking. The incidence of IHD in 
cigarette smokers is at least double that in non- 
smokers, and the risk increases with the 
number of cigarettes smoked daily. The dura- 
tion of the habit does not appear to be an im- 
portant factor and this, together with the fact 
that sudden deaths from IHD are especially 
increased in smokers, suggests that smoking 
may promote coronary artery thrombosis 
rather than atheroma itself. As mentioned 
earlier, inhalation of cigarette smoke has been 
shown to cause vascular endothelial injury in 
rabbits. It has also been shown that plasma 
fibrinogen, clotting factor VIII and the haem- 
atocrit levels are all raised in chronic smokers 
and that nicotine stimulates release of nor- 
adrenaline and thus promotes vasocontraction. 
The role of smoking in atheroma and IHD thus 
appears complex. 

Physical activity. The Framingham and 
other studies have demonstrated beyond doubt 
that the incidence of IHD is lower in people 
who are physically active than in more se- 
dentary individuals. Exercise may be protective 
by using up lipids and carbohydrates for energy 
production, and study of the blood lipids has 
demonstrated relatively high levels of HDL in 
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active subjects: as stated above, HDL appear to 
protect against atheroma. 

Psychological factors. Emotional stress 
appears to predispose to IHD, perhaps by 
increasing the output of catecholamines. 
Psychological factors may also play an 
indirect role by influencing choice of 
occupation, smoking or eating habits. 

Prospective studies have shown that the vari- 
ous risk factors are synergistic: for example, an 
individual who smokes and has a high blood 
cholesterol level, hypertension and obesity, is 
especially likely to develop IHD. The factors 
predisposing to IHD have been shown (e.g. by 
Kannel et al . , 1976) to contribute also, in vari- 
ous degrees, to the risk of developing cerebral 
infarction and ischaemia of the lower limbs, 
both of which are nearly always complications 
of atheroma. 

Systemic hypertension 

Definition 

Blood pressure usually increases with age, but 
there is considerable individual variation in the 
increase, and recordings of the blood pressures 
in a general adult population show a wide 
range. Any definition of hypertension must 
therefore be arbitrary, and there is no general 
agreement on the level of blood pressure to be 
regarded as pathological. Indeed, there is good 
evidence, for example from insurance com- 
panies’ statistics, of a general inverse rela- 
tionship between the height of the blood pres- 
sure, including variations within the ‘normal 
range’, and the expectation of life. 

Classification 

In about 85 per cent of cases of hypertension 
the cause is not apparent and these patients are 
said to have primary, essential or idiopathic 
hypertension. In the remaining 15 per cent 
hypertension is secondary to other disease pro- 
cesses: nearly always diseases of the kidneys are 
responsible (‘renal hypertension’) but occasional 
cases result from certain functioning adrenal 
tumours or as a feature of Cushing’s syndrome 
(see Table 14.1). Coarctation of the aorta (p. 
428) is accompanied by hypertension in the 
arteiiips arising proximal to the constriction. It 
is hke!y that, as diagnostic techniques improve, 


further causes of hypertension will be iden 
tified, and the proportion of patients with so 
called essential hypertension will thus becom 
smaller. Conn’s syndrome (primary hyper 
aldosteronism, p. 1041) is an example of a con 
dition which has been distinguished relativel; 
recently from essential hypertension. 

Table 14.1 Classification of systemic hypertension 


L Essential { ^lignant 
II. Secondary {^ ant 

(a) of renal origin (‘renal hypertension’), due to: 

chronic pyelonephritis 

glomerulonephritis 

diabetes 

polycystic disease of the kidneys 
renal amyloidosis 

connective tissue diseases, particularly poly« 
arteritis 

urinary tract obstruction (occasional cases) 
renal artery disease 
radiation nephritis 
some renal tumours 

some congenital diseases of kidney, possibly 
by predisposing to pyelonephritis 

( b ) adrenal-mediated hypertension. 

Conns’ syndrome (primary hyperaldoster- 
onism) 

Cushing’s syndrome 
phaeochromocytoma 

(c) coarctation of the aorta. 


Regardless of the aetiology, hypertension 
may be divided into chronic or so-called ‘benign’, 
and malignant (sometimes called accelerated) 
types. In benign hypertension the rise of blood 
pressure is usually moderate, although some- 
times marked. Many patients with benign 
hypertension lead active lives for many years 
with few or no symptoms, and die of some 
independent disease. Unless the blood pressure 
is controlled by antihypertensive drugs, how- 
ever, it frequently causes disability and death 
from heart failure, and also increases the risk of 
myocardial infarction and cerebral vascular 
accidents. 

Malignant hypertension is characterised by a 
very high blood pressure, by eye changes which 
include retinal haemorrhages and exudates and 
sometimes papilloedema, by rapidly pro- 
gressive renal injury terminating in uraemia, 
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and by hypertensive encephalopathy. The path- 
ological hallmark of this state is fibrinoid 
necrosis of arterioles (see later). These special 
features appear to depend on the rapid de- 
velopment of a very high blood pressure. Unless 
treated, patients with malignant hypertension 
usually die within six months or so, but fre- 
quently the blood pressure can be reduced by 
anti-hypertensive drugs, and the outlook is 
then greatly improved. 

Benign and malignant hypertension should 
not be regarded as unrelated conditions. Malig- 
nant hypertension supervenes in a small pro- 
portion of cases of benign essential hyperten- 
sion although more often it arises apparently de 
novo, i.e. without evidence of preceding benign 
hypertension. 

Changes in the blood vessels 

Changes develop in arterial vessels of all sizes 
as a result of hypertension. In the larger 
arteries, from the aorta down to vessels of 
about 1 mm diameter, the changes are wide- 
spread, and are termed hypertensive arterio- 
sclerosis. Changes in the vessels below this 
size, i.e. in the smallest arteries and arterioles, 
tend to affect especially the small vessels of the 
viscera, and in particular those of the kidneys. 
The changes occurring in the larger arteries are 
of the same nature in all types of hypertension, 
but those in the smaller vessels, particularly the 
arterioles, are different in benign and malig- 
nant types of hypertension, and require separ- 
ate descriptions. 

Large and middle-sized arteries. The vascular 
changes in hypertension, uncomplicated by the 
arterial lesions common in the aged, are most 
readily studied in young patients with high 
blood pressure secondary to renal disease. In the 
early stages they consist mainly of hypertrophy 
of smooth muscle and elastic fibres. In the 
aorta, there is increase in both of these ele- 
ments in the media. In muscular arteries the 
increase is mainly in the circular muscle of the 
media (Fig. 14.13) but also in the longitudinal 
muscle fibres of the intima (Fig. 14.1, p. 361); 
the internal elastic lamina becomes thickened, 
and very often new laminae are formed to- 
wards the intima (Fig. 14.14). In longstanding 
hypertension, which is usually of benign 
essential type, these hypertrophic changes give 
way to fibrous replacement of muscle and the 



Fig. 14.13 Section of hypertrophied radial artery, 
from a case of chronic glomerulonephritis in a young 
subject, showing hypertrophy of the media. (Myocytes 
appear black.) x 140. 

elastic tissue may break up and undergo partial 
absorption. The arterial walls are thickened 
and of increased rigidity, the lumen is dilated 
(Fig. 14.15) and the vessels are often elongated 
and tortuous. In the aorta, there is increase in 
the elastic and fibrous tissue of the media. In 
the muscular arteries, the media is thickened 
and fibrosed with patchy loss of smooth muscle, 



Fig. 14.14 Another section of the same artery as in 
Fig. 14.13, showing increase of elastic tissue formed 
by replication of the internal elastic lamina. (Elastic 
tissue appears black.) x 120. 
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Fig. 14.15 Arteriosclerosis of the aorta and its 
branches in a patient with hypertension who died 
aged 36 from chronic renal failure. The walls of the 
vessels are thickened and rigid: they are also dilated, 
although this is not readily apparent, x 0-35. 



Fig. 14.16 Part of a transverse section of an arterio- 
sclerotic artery. The intima (a) is thickened, while 
the muscle (shown as black) of the media (b) is partly 
replaced by fibrous tissue. (Compare with Fie 
14.13.) x 200. 


and there may be fibrous thickening of the 
intima (Fig. 14.16). These changes are wide- 
spread, and vary in degree. They are mostly 
without important effects. Hypertension in- 
creases the risk of rupture of the ‘berry’ 
aneurysms which develop in the arteries at the 
base of the brain in some individuals (p. 388), 
resulting in subarachnoid haemorrhage. 

The arteriosclerotic changes described above 
are similar to those observed in normotensive 
elderly subjects (senile arteriosclerosis) but in 
the absence of hypertension they are usually 
less pronounced, and the media, although fib- 
rosed, is often not thickened. 

Atheroma tends to be particularly severe in 
individuals with chronic hypertension, and 
there is no doubt that prolonged elevation of 
the blood pressure aggravates this condition. 

Hypertension thus results at first in hyper- 
trophy of the arterial walls, with increase in 
muscle and elastic fibres, followed by arterio- 
sclerosis and a tendency to severe athero ma 
Tte early hypertrophic changes are usually 
<^>se*ved only in young hypertensive subjects: 


in older patients with chronic hypertension, 
arteriosclerosis and atheroma predominate. 

Small arteries and arterioles. In arteries of 1 
mm diameter or less, and in the arterioles, the 
changes differ from those in the larger vessels, 
and they differ also in benign and malignant 
hypertension. 

(a) Benign hypertension. The small arteries 
show the medial thickening seen in the larger 
vessels, but a more pronounced degree of inti- 
mal thickening, due to concentric increase in 
connective tissue; in the smallest arteries the 
intimal change predominates, and may result in 
narrowing of the lumen in contrast to the dila- 
tation seen in the larger arteries. 

The arterioles undergo hyaline thickening of 
their walls (hyaline arteriolosclerosis), which 
consists at first of patchy deposition of hyaline 
material, often beneath the endothelium, but 
sometimes more peripherally: the hyaline 
change gradually extends to involve the whole 
circumference, and when severe it replaces the 
normal structures of the wall apart from the 
endothelium. This change occurs also apart 
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from hypertension, and is seen especially in old 
age. In both normotensive and hypertensive 
subjects it is observed most commonly in arter- 
ioles in the spleen, then in the afferent glomer- 
ular arterioles of the kidneys (Fig. 14.17), and in 



Fig. 14.17 Hyaline arteriolosclerosis of afferent 
glomerular arteriole in chronic systemic hyperten- 
sion. The arteriole is not only thickened, but also 
tortuous, and so has been cut twice in cross-section 
in the same plane, x 1500. 

the pancreas, liver and adrenal capsules. In all 
these sites, the change is appreciably commoner 
and usually more severe in hypertensives than 
in normotensive subjects of corresponding 
ages. Hyaline arteriolosclerosis is uncommon in 
the arterioles of the brain, gastro-intestinal 
tract, pituitary, thyroid, heart, skin and skeletal 
muscles (Smith, 1956). When severe, hyaline 
arteriolosclerosis results in considerable nar- 
rowing of the arteriolar lumen. This has im- 
portant effects upon individual glomeruli, but 
does not usually cause renal failure. The nature 
of the change is not fully understood: initially, 
the hyaline material resembles fibrin in its 
staining properties, but later it stains like col- 
lagen. It also contains lipid material, and there 
is evidence that it may result from an exudative 
process in which plasma seeps into the arter- 
iolar wall (p. 809). Apart from its occurrence as 
an ageing process and in hypertensive subjects, 
hyaline arteriolosclerosis is often severe and 
extensive in diabetes mellitus (pp. 840, 1033). 


(b) Malignant hypertension. In this condition, 
the concentric fibrous thickening of the intima 
of the small arteries is often of extreme degree, 
particularly in the interlobular arteries of the 
kidneys (Fig. 22.10, p. 812). The arterioles are 
thickened and of hyaline appearance, as in 
benign hypertension, but the change is re- 
latively acute, and consists of necrosis of the 
arteriolar wall, accompanied by permeation 
with plasma and deposition of fibrin (so-called 
fibrinoid necrosis): pyknotic nuclei, neutrophil 
polymorphs and red cells can often be found in 
the necrotic wall. The lumen is considerably 
narrowed, and superadded thrombosis may 
complete its occlusion. These changes affect 
especially the viscera, and the arteriolar lesions 
may result in haemorrhages and in ischaemic 
necrosis (Fig. 14.18). Focal fibrinoid necrosis 
may develop also in the small arteries. 

In both benign and malignant hypertension, 
the changes in the small vessels in the kidneys 
cause renal damage, as described on pp. 809-12. 

Cerebral haemorrhage in hypertensives is 
probably due to rupture of micro-aneurysms of 
the small arteries within the brain (p. 388). 


Course of chronic and of accelerated 
hypertension 

Chronic (‘benign’) essential hypertension. As 

already stated, this is much the commonest 
type of hypertension. The blood pressure rises 
very gradually over a period of years, in most 
cases to moderately high levels, e.g. 180/110 
mm Hg, but occasionally much higher. The 
increase nearly always starts before the age of 
45 years, and individuals with a resting blood 
pressure consistently below 140/85 at this age 
are very unlikely to develop essential hyperten- 
sion. The diastolic pressure is less subject to 
physiological variations than the systolic pres- 
sure, and a diastolic pressure persistently 
exceeding 90 mm Hg is generally regarded, 
on an arbitrary basis, as abnormal. However, 
the disease develops very slowly, and it may 
be years before the rise in pressure clearly 
exceeds that which occurs normally with age. 

The condition may be symptomless, and 
many cases come to light during routine medi- 
cal examination for insurance or other pur- 
poses. Common symptoms include palpitations, 
audible pulsation in the head, headaches, 
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Fig. 14.18 Arteriolar lesions in malignant hypertension, a Ulceration of the colonic mucosa due to fibrinoid 
necrosis and thrombosis of arterioles: one such vessel is seen ( lower left) in the submucosa, b Fibrinoid 
necrosis of a glomerular afferent arteriole and part of the tuft. 


attacks of dizziness particularly on stooping, 
and reduced exercise tolerance. 

About 60 per cent of deaths in those known 
to have ‘benign’ essential hypertension are 
from left ventricular or total heart failure; this 
is due to the increased work load thrown on 
the left ventricle and to the commonly asso- 
ciated severe coronary artery atheroma. About 
30 per cent of patients die from cerebral haem- 
orrhage, and the remaining 10 per cent from 
various causes unrelated to the hypertension. 
Although changes occur in the kidneys as a 
result of the vascular lesions, renal failure is 
uncommon in benign essential hypertension. 
When heart failure develops, however, there is 
usually a moderate rise in the blood urea level. 
In those patients who progress from chronic to 
malignant hypertension renal failure commonly 
supervenes. 

Malignant (‘accelerated’) essential hyperten- 
sion. This develops in approximately 10 per 
cent of cases of chronic essential hypertension. 
In those cases not preceded by chronic hyper- 
tension, the onset is usually between 30 and 45 
years. It can result in heart failure or cerebral 
haemorrhage, but without effective treatment 
renal injury is severe and usually causes death 
within a few months (p. 811). 

Eye changes are another important feature in 
mafr g nan t hypertension: lesions in the small 
miseries in. the retina result in oedema, haem- 


orrhages, infarcts and exudates, and blindness 
may ensue. Papilloedema, associated with cere- 
bral oedema, is often present. Hypertensive en- 
cephalopathy, characterised by epileptiform fits 
and transient paralysis, is not uncommon, and 
is attributable to cerebral oedema, resulting 
from arterial spasm and focal cerebral isch- 
aemia. This has been observed directly in rats 
with experimental hypertension and the fits 
have been shown to cease when the blood pres- 
sure is lowered and cerebral vasoconstriction 
ceases. 

Secondary hypertension. Hypertension is a 
feature of chronic renal failure, and is more 
often of malignant type than is the case in es- 
sential hypertension. The superadded imposi- 
tion of further renal injury from hypertensive 
vascular lesions, whether benign or malignant, 
aggravates and accelerates renal failure. 

Aetiology of hypertension 

In all types of hypertension, the raised blood 
pressure is a result of increased peripheral vas- 
cular resistance. In normal circumstances the 
peripheral resistance is controlled by the mus- 
cular tone in the arterioles throughout the 
body, and the major aetiological problem is the 
elucidation of the factors which, by increasing 
arteriolar tone, bring about the various types of 
hypertension. The possibility that the structural 
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changes of arteriolosclerosis initiate the hyper- 
tensive state is unlikely, for such changes are 
sometimes absent, particularly in early cases, 
and moreover structural changes do not de- 
velop in arterioles which are protected from 
hypertension by occlusive changes in the larger 
arteries supplying them. For these reasons, it is 
widely believed that the observed structural 
changes in the arteries and arterioles are the 
result of hypertension, and not the cause. It is 
likely, however, that structural changes in the 
arterioles and small arteries of the kidneys 
impair renal blood flow, and this may play a 
part in maintaining hypertension once the vas- 
cular changes have become pronounced. 

Humoral vasoconstrictive factors. In patients 
with hypertension due to a phaeochromo- 
cytoma, the large amounts of catecholamines 
released by the tumour into the blood (see p. 
1047) are very likely to be the cause of 
the hypertension. 

The vasoconstrictor substances renin and 
angiotensin (p. 258) are believed to be of im- 
portance in the pathogenesis of malignant 
hypertension secondary to renal disease: 
plasma concentrations of both renin and angio- 
tensin are increased in this disorder. By contrast, 
their levels in most patients with benign essential 
hypertension are quite normal, and in patients 
with Conn’s syndrome (primary aldosteronism, 
p. 1041) plasma renin concentration is actually 
reduced. Nevertheless, it cannot be concluded 
from this that renin and angiotensin do not 
contribute to the increased blood pressure in 
these conditions, as sensitivity to the pressor 
effects of injected angiotensin is known to be 
increased in hypertensive patients, and thus the 
normal or subnormal amounts of angiotensin 
in the blood might conceivably raise the blood 
pressure to abnormal levels. 

Search for other vasoactive substances in the 
blood of patients with hypertension has failed. 

Renal hypertension. A firm experimental 
basis for renal hypertension was provided in 
1934 by Goldblatt and his colleagues, who 
showed that partial clamping of the renal 
arteries produced hypertension in dogs. This 
has been confirmed repeatedly in several 
species and it has been shown that hyperten- 
sion can be produced in the rat by partial 
clamping of one renal artery. Vascular hyper- 
tensive changes have been produced by this 
method, and it is of interest that they do not 


affect the kidney which is protected by the 
clamp from hypertension. Experimental hyper- 
tension of short duration produced in this 
manner may be abolished by removing the 
clamp or excising the clamped kidney, but if 
the clamp has been left in place for some 
months, the hypertension persists in spite of 
these manipulations, because of arteriolar 
changes produced in the unclamped kidney. 

Renal hypertension in man is similar in many 
ways to the experimental condition. The dis- 
eases which cause it are listed in Table 14.1 on 
p. 370 and are described in Chapter 22: because 
of their relatively high incidence, chronic glo- 
merulonephritis and chronic pyelonephritis are 
the most important ones. Release of excess 
renin from the abnormal kidney or kidneys 
may be an important factor in producing 
hypertension in such diseases, but the original 
view that the hypertension is due simply to the 
pressor effect of excessive renin production by 
the ischaemic kidney is now known to be an over- 
simplification. High levels of renin have usually 
been found only in malignant hypertension with 
underlying renal disease, and even in these the 
importance of renin is not fully established. 

Secondary hyperaldosteronism in hyperten- 
sion. In some cases of severe hypertension, par- 
ticularly those with malignant hypertension 
and/or renal disease, secondary hyperaldoster- 
onism develops. Plasma renin concentration is 
invariably increased and this leads to stimula- 
tion of aldosterone secretion which in turn pro- 
duces potassium depletion (see p. 1038). The 
condition is recognised usually by a decrease in 
the concentration of potassium, and often of 
sodium, in the plasma. It must be distinguished 
from primary hyperaldosteronism (Conn’s syn- 
drome) in which the hypertension and hypo- 
kalaemia are associated with increased sodium 
and decreased plasma renin concentration (see 
p. 1041). 

Neural factors in the pathogenesis of hyper- 
tension. The possibility that neural factors may 
play a role in primary hypertension deserves 
consideration. There is evidence that in both 
human and experimental hypertension the 
threshold of the vascular receptors is elevated, 
so that abnormally high pressures are necessary 
to initiate neurogenic anti-pressor reflexes. It 
may also be that variations in sensitivity to 
pressor agents, possibly genetically determined, 
are involved. 
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Pulmonary hypertension 

In contrast to systemic hypertension, a rise in 
blood pressure in the pulmonary arterial 
system is usually explicable on the basis of dis- 
ease of the lungs, heart or major vessels. These 
causes, and the effects of pulmonary hyperten- 
sion, are described on pp. 454-7. 

Calcification of the media 
(Monckeberg’s sclerosis) 

Definition. This is a degenerative disease of 
unknown cause characterised by dystrophic 
calcification (p. 287) in the media, especially 
common in the major arteries of the lower 
limbs in elderly people. It may also affect the 
arteries of the upper limbs, and less commonly 
visceral arteries. 



yjj S* 1 4. 19 C a lc i fic ation of media of iliac artery, 
showtiiig tetnsyeesc markings caused by confluent 
«?4ctetioa. x 0-8. 


Naked-eye appearances. The affected vessels 
are generally dilated and show transverse bars 
of medial calcification due to deposition of cal- 
cium in the circular medial muscle layer (Fig. 
14.19). At a later stage, lengths of the arteries 
may be converted into rigid tubes. There may 
be no noteworthy alteration of the intima 
though atheroma is sometimes present in addi- 
tion. 

Microscopy shows that the earliest change is 
hyaline degeneration of the muscle fibres and 
connective tissue, usually starting about the 
middle of the media (Fig. 14.20). Calcium salts 
are deposited first as fine granules, and con- 
fluent calcification follows. There may be little 
or no cellular reaction. Occasionally true bone 
may be formed in an area of calcification, and 
may even contain red marrow. 

Aetiology. This is generally regarded as an 
exaggeration of the natural increase of calcium 
salts in the arteries with age. It sometimes 



Fig. 14.20 Calcification of media. The calcified 
tissue is darkly stained, x 16. 
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occurs earlier in arteriosclerotic vessels but in 
man is not intimately related to high blood pres- 
sure. A similar lesion has been produced in the 
aorta of rabbits by injections of adrenaline. 

Effects. The radiological appearance is strik- 
ing but the lumens of the arteries are seldom 
narrowed. Ischaemic effects, if present, are 
usually due to co-existing atheroma and its 
complications. 


Inflammatory lesions (arteritis) 

Syphilitic arteritis 

Small arteries. Wherever syphilitic lesions 
occur there is intimal and adventitial fibrosis of 
small arteries associated with infiltration of 
lymphocytes and plasma cells (endarteritis and 
periarteritis). In some cases the change is dif- 
fuse and a number of the vessels show general 
thickening, while in others it is of a patchy or 
nodular type. 

Effects. Reduction of the lumens of small 
arteries and arterioles due to endarteritis may 
contribute to the necrosis in gummas. The es- 
sential change in syphilitic mesaortitis is pro- 
bably involvement of the small nutrient vasa 
vasorum of the aortic media. Effects purely at- 
tributable to ischaemia are seen in the brain in 
tertiary syphilis (meningovascular syphilis) due 
to endarteritis obliterans of cortical vessels 
(Fig. 21.36, p. 753) and this may be com- 
plicated by thrombosis leading to cerebral in- 
farction at an early age. 

Syphilitic mesaortitis. This is a common 
manifestation of tertiary syphilis and an import- 
ant cause of death in this disease. It occurs in 
acquired and congenital syphilis but has become 
increasingly rare in most developed countries. 

Naked-eye appearances were formerly readily 
studied in untreated young subjects before the 
onset of arteriosclerosis and atheroma. The 
first visible lesions are greyish-white translucent 
areas of thickening in the intima, with little ten- 
dency to degenerate. Later they extend and 
fuse, forming areas with wrinkled ‘tree bark’ 
appearance: the intima between appears 
healthy (Fig. 14.21). In places, contraction of 
the tissue may occur with formation of stellate 
scars. Localised depressions which are potential 
aneurysms may be seen. In older subjects, 
yellow patches of atheroma, which is often 



Fig. 14.21 The thoracic aorta in syphilitic aortitis. 
The arch of the aorta is stretched, with localised 
bulgings, thickened intimal patches and irregular 
wrinkling and scarring. In this example the changes 
stop abruptly below the arch, x 0-5. 

severe, may be associated with the syphilitic 
lesions. Occasionally, on cutting through the 
wall of the aorta, gummatous necrosis may be 
seen extending inwards from the adventitia. 

The part of the aorta immediately above the 
aortic valve is usually involved first and the 
aortic arch is by far the commonest and at 
times the only part of the aorta with syphilitic 
lesions. Syphilitic changes are usually limited to 
the thoracic aorta. 

Microscopic appearances. The earliest change 
is periarteritis and endarteritis of the vasa vas- 
orum in the adventitia (Fig. 14.22). These 
changes then extend into the aortic media, in 
which foci of cellular infiltration appear (Fig. 
14.23), with new formation of thin-walled ves- 
sels. This leads to breaks or windows in the 
elastic tissue and muscle of the media, best seen 
in a section stained to show the elastic fibres 
(Fig. 14.24). The elastic tissue and muscle are 
replaced by fibrous tissue, but gummatous nec- 
rosis may also occur. 
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Fig. 14.22 Syphilitic aortitis, showing severe endar- 
teritis of an arteriole in the adventitia of the aorta, 
and infiltration by plasma cells and lymphocytes 
around two small vessels (right), x 330. 

Dense fibrous thickening of the intima 
occurs over the lesions of the media (Fig. 
14.24), and vasa vasorum may extend into 
these intimal patches which account for the 
pearly-white raised areas seen by naked eye. 





Fig. 1423 Section, of syphilitic aorta, showing cell- 
uter acomMilatkms around die small vessels in the 
tytyP&t, with destruction of die laminae, x 160. 



Fig. 14.24 Syphilitic aortitis; elastic tissue appears 
black. The section shows part of a thickened in timal 
plaque (upper right) and irregularity, thinning and 
interruptions in the elastic tissue of the media, which 
has also lost most of its muscle and is grossly 
thinned: the paler tissue below is the adventitia and 
adjacent fatty tissue, x 10. 

Effects. Aneurysm formation is an important 
complication of syphilitic mesaortitis and is due 
to weakening of the vessel wall from loss of 
medial elastic and muscle tissue: the effects of 
aneurysm are described on p. 385. 

Aortic incompetence. The dilatation of syph- 
ilitic aortitis may involve the root of the aorta, 
with consequent incompetence of the aortic 
valve. The cusps become stretched, thickened 
and distorted (p. 419). 

Coronary artery narrowing due to involve- 
ment of their orifices by mesaortitis is now a 
rare cause of myocardial ischaemia. 

Thromboangiitis obliterans (Buerger’s 
disease) 

Definition. Buerger’s disease is an in- 
flammatory condition of arteries and veins, 
with thrombosis, organisation and recanalisa- 
tion of the affected vessels. It occurs almost 
exclusively in men, and affects mainly the ves- 
sels of the lower limbs, but sometimes also 
those of the upper limbs, giving rise to severe 
pain and progressive ischaemic changes. 

Pathological changes. The early changes are 
not often available for histological examina- 
tion. They consist of occlusion of the affected 
vessel by thrombus which contains foci of 
intense polymorph infiltration. The whole 
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thickness of the vessel wall is also infiltrated 
with polymorphs. These acute changes give 
way to chronic inflammation, and the throm- 
bus is replaced by granulation tissue containing 
lymphocytes, macrophages and multinucleated 
giant cells (Figs. 14.25, 14.26). The in- 
flammatory changes eventually subside, and 
although the original vascular lumen has been 
obliterated there is often a surprising degree of 
recanalisation. The inflammation of the vessel 
wall also progresses to a chronic stage but with- 
out the degree of disruption which occurs in 
polyarteritis nodosa (see below). Fibrosis ex- 
tends into the surrounding connective tissue, 
and the burned-out lesions thus consist of re- 
canalised vessels with thickened fibrosed walls, 
enclosed in fibrous tissue which may envelop 
and compress adjacent nerves and vessels (Fig. 
14.25). 

The lesions affect short lengths of the small 
and medium sized arteries and veins of the legs 
and feet, but seldom the larger vessels. Sim- 
ilarly, when the upper limbs are affected, the 
lesions are mainly in the vessels of the forearms 
and hands. The disease is chronic, acute lesions 



Fig. 14.25 Thromboangiitis obliterans. Occlusion 
of the posterior tibial artery {upper left) and sur- 
rounding fibrosis extending around the adjacent 
veins and nerves, x 32. 



Fig. 14.26 Thrombophlebitis in Buerger’s disease. Left, a superficial vein, showing inflammation of the 
wall, thrombosis and early organisation. Several multinucleated giant cells lie in and adjacent to the throm- 
bus. x 60. Right, an older lesion with more advanced organisation of the thrombus: note the giant cell ( below 
centre) and pleomorphic inflammatory infiltrate, x 250. 
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developing intermittently over a period of 
years. It may involve mainly either arteries or 
veins, but usually both. The changes of isch- 
aemia, including gangrene of the extremities of 
the affected limbs, eventually result. 

Aetiology. Features which distinguish Buer- 
ger’s disease from atheroma with superadded 
thrombosis are its relatively early onset, in- 
flammatory nature, predilection for smaller 
vessels, involvement of veins as well as arteries 
and of the upper limbs as well as the lower, and 
its rarity in women. Suggestions that the lesions 
are simply a variant of atheroma are almost 
certainly mistaken, and have probably arisen 
from the examination of limbs amputated after 
prolonged disease, when the lesions are burned- 
out and there is co-incidental atheroma. It is 
also a misconception that the disease occurs 
especially in Jews, but a high incidence of HLA 
antigens A9 and B5 in sufferers has been re- 
ported, suggesting a genetic predisposing 
factor. 

The inflammatory nature of the early lesions 
suggests a specific causal agent (as was pos- 
tulated by Buerger) but none has been detected. 
The single known important predisposing 
factor is cigarette smoking. The disease is prac- 
tically confined to heavy smokers, and there is 
a strong clinical impression that its progress is 
arrested or diminished by giving up smoking. 
Hypersensitivity to tobacco proteins has been 
suggested as a causal factor. 

Clinical features. The symptoms are varied 
and depend on the degree of arterial obstruc- 
tion. The earliest are pain, paraesthesia and cir- 
culatory disturbances e.g. local redness which 
disappears on elevating the limbs. On walking 
there is often cramp-like pain and inability to 
progress — ‘ intermittent claudication ' ; this is a 
result of ischaemia of the calf muscles and 
occurs in other forms of arterial disease. Later, 
more severe trophic changes appear, including 
intractable ulceration, and gangrene which is 
apt to spread slowly (Fig. 14.27); amputation, 
sometimes repeated, is often necessary but the 
need for surgery may be minimised by ther- 
apy which improves the collateral circulation. 
In view of the widespread involvement of the 
arteries, amputation, if required, should be 
performed at a high level. If the vessels of 
the arms are severely affected, the condi- 
tion wy simulate Raynaud’S disease in the 

JBSlKf, 



Fig. 14.27 Gangrene of part of the foot and toes in 
a case of thromboangiitis obliterans. 


Polyarteritis nodosa ( Periarteritis nodosa ) 

The lesions of this disease consist of multiple foci of 
necrosis, inflammation and usually thrombosis, fol- 
lowed by healing, in the walls of medium sized and 
small arteries and arterioles. Vessels in any part of 
the body may be affected, and there is involvement 
of many organs and tissues. In its most severe form, 
with many simultaneous acute lesions, it is rapidly 
fatal from haemorrhage due to rupture of a weak- 
ened artery, or more often from ischaemia of vital 
organs. Most cases are, however, chronic, with acute 
lesions developing over years, and usually causing 
death from ischaemic effects. The condition occurs 
over a wide age range, but predominantly between 
20 and 40. 

Pathological findings. The early lesion consists of a 
focus of fibrinoid necrosis of the media and intima 
of a small or medium sized artery (up to about 3 mm 
diameter) or an arteriole. Necrosis is accompanied 
by acute inflammation with polymorph infiltration 
(often including eosinophils) of the whole thickness 
of the vessel wall and particularly intense in the ad- 
ventitia and surrounding tissue (Fig. 14.28). Lesions 
affect the whole circumference of smaller arteries, 
but often only a segment of the wall of the larger 
vessels (Fig. 14.29). Occlusive thrombosis is common 
in the acute stage, but in some cases there is severe 
haemorrhage. The acute changes progress to more 
chronic inflammation, with replacement of the nec- 
rotic vessel wall by fibrous tissue infiltrated with 
lymphocytes, plasma cells and macrophages, and the 
thrombus undergoes organisation. The weakened 
wall may stretch to form an aneurysm (Fig. 14.30), 
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Fig. 14.28 An acute lesion of polyarteritis nodosa 
in a small artery in the kidney. There is fibrinoid 
necrosis and an intense inflammatory cellular in- 
filtrate in and around the wall of the artery, x 100. 

but even without this the healed lesion may project 
as a nodular thickening of the vessel wall, and mic- 
roscopy then shows a sharply-defined zone of fib- 
rous replacement of the artery wall. 

The lesions are multiple; they occur in almost any 
small or medium-sized artery or arteriole, but are 
commonest in those of the kidneys, heart, gut, liver, 
pancreas and nervous system, and in the skeletal 
muscles. Their effects, apart from haemorrhage, are 
due to acute or chronic ischaemia, and depend on 
the distribution of the lesions and arterial an- 
astomoses in particular sites. Infarcts and patches of 
chronic ischaemic atrophy result in the heart, kid- 
neys, etc. 

The disease may be severe and progress rapidly to 
death, but more often the course extends over some 
years, with periods of quiescence alternating with the 
development of new lesions. In most cases, death 
eventually results from lesions in the kidneys, heart 
or other vital organs. 

Clinical features depend on the number and sites 
of lesions, and as these are widespread and vary 
greatly in their distribution, the clinical features also 
show great variation. In severe cases there is fever, 
prostration, neutrophil (and sometimes eosinophil) 
leukocytosis and a very high ESR. In less acute cases 
the disease fluctuates, with quiescent periods and 
exacerbations. Lesions in the peripheral nerves (Fig. 



Fig. 14.29 Polyarteritis nodosa involving a cor- 
onary artery. The lesion is less acute than in the pre- 
vious figure. Part of the circumference of the vessel 
wall (above) has been severely damaged, with inter- 
ruption of the internal elastic lamina (stained black) 
and replacement of the inner part of the wall by fib- 
rous tissue. There is more diffuse inflammatory cell- 
ular infiltrate, x 70. (The late Dr. Janet Niven.) 



Fig. 14.30 Transverse section of the kidney of a 
patient who died of acute polyarteritis nodosa. In 
this instance, the necrotising lesions have resulted in 
aneurysmal dilatations, together with thrombosis. 
This has led to multiple infarcts, x 1*4. 
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21.66, p. 782) result in paraesthesias, and symptoms 
may arise from ischaemia of virtually any tissue. 
Angina, cardiac failure, renal failure and hypertension 
are among the commoner clinical manifestations, but 
infarction of the gut, etc., can also cause death. 

Diagnosis depends on suspecting the disease from 
the clinical features, blood changes, etc., and confir- 
matory biopsy. The choice of tissue for biopsy de- 
pends on the clinical features, but confirmation is 
often obtainable from skeletal muscle biopsy, par- 
ticularly if tissue is removed from a tender spot in a 
muscle. Inflammatory changes are much more severe 
than in the necrotising arteriolar lesions of malig- 
nant hypertension. 

Aetiology. The arterial lesions of experimentally- 
induced acute immune-complex disease (p. 154) re- 
semble those of polyarteritis nodosa. To explain the 
development of acute lesions over a prolonged 
period, as in polyarteritis nodosa, it is necessary to 
assume that fluctuations in the plasma levels of pos- 
tulated antigen and antibody results, from time to 
time, in the formation of heavy concentrations of 
immune complexes in the circulation. In support of 
the disease being due to a hypersensitivity type 3 
reaction, immunoglobulins and products of activa- 
tion of complement have been demonstrated in the 
acute lesions. The disease sometimes complicates 
systemic lupus erythematosus and the lesions in such 
cases are presumably due to complexes of auto-anti- 
bodies with DNA, etc. (p. 164). Approximately 50 
per cent of cases arise in chronic carriers of hepatitis 
B virus with circulating HBsAg-Ab complexes, and 
HBsAg has been demonstrated in the acute lesions in 
some such cases. In many cases, however, the postul- 
ated antigen has not been identified, although there 
is often an association with various drugs, notably 
sulphonamides and penicillin. 

Variants of polyarteritis nodosa 

A microangiopathic form of polyarteritis nodosa 
affects mainly arterioles and very small arteries in 
the kidneys and elsewhere, and gives rise to micro- 
angiopathic haemolytic anaemia (p. 531) and 
uraemia, sometimes without hypertension: the renal 
lesions include focal and rapidly progressive glomer- 
ulonephritis (p. 821). In many instances the condition 
appears to be a hypersensitivity reaction to drugs or 
micro-organisms. 

Wegener’s granulomatosis is a variant in which 
lesions in vessels in the nasopharynx result in an 
ulcerating granulomatous lesion, and lesions also 
tend to occur especially in the lungs and kidneys. 

Localised polyarteritis, with lesions indistinguish- 
able from polyarteritis nodosa, occurs in the gall- 
bladder and appendix, and has an excellent prog- 
vasculitis of the skin is a complex 
few 1065)., the lesions of polyarteritis nodosa 


can remain confined to the skin for some years, but 
there are other, localised forms of dermal vasculitis 
which are distinct from polyarteritis nodosa. 

Other forms of arteritis 

Idiopathic aortitis in Africans. An inflammatory 
lesion affecting all parts of the aorta has been de- 
scribed in young Africans. There is infiltration of the 
adventitia and media with lymphocytes and plasma 
cells, and destruction of the elastic tissue, ending in 
dense collagenous fibrosis. The mouths of the renal 
arteries are often involved, resulting in unilateral or 
bilateral renal artery stenosis often leading in turn to 
hypertension. Micro-organisms have not been demon- 
strated and the aetiology of the lesion is unknown. 

Tuberculosis. Marked periarteritis and endarteritis 
sometimes occur in relation to tuberculous lesions. 
They are often a prominent feature in tuberculous 
meningitis, especially with late or inadequate treat- 
ment (Fig. 21.33, p. 751). These changes may lead to 
complete obstruction of the vessel and cerebral in- 
farction. Occasionally, however, the wall of an artery 
adjacent to a pulmonary tuberculous cavity may be 
weakened before obliteration occurs and an an- 
eurysm may form (p. 478). 

Rheumatic arteritis. Lesions similar to those found 
in the heart in rheumatic fever occur in the walls 
of large arteries. In the aorta they commence in the 
adventitia and consist of an infiltration of the tissues 
with lymphocytes and plasma cells. There may be 
foci of histiocytes, and typical Aschoff bodies with 
characteristic cells (p. 412) may form. The cellular 
infiltration may spread into the media and lead to 
absorption of elastic tissue, but this rarely extends 
beyond the outer third of the media. Such lesions do 
not weaken the wall sufficiently to produce aneur- 
ysms. 

In the smaller arteries, rheumatic lesions of 
various distribution have been found, especially 
in the visceral branches. They are acute and may 
be accompanied by necrosis of the media as well as 
by leukocyte infiltration; they thus resemble the 
lesions of polyarteritis nodosa but thrombosis and 
aneurysms have not been found. Further work is 
required to establish the relation of rheumatism to 
disease of the smaller arteries. The lesions are 
clinically silent, but they may form the basis of the 
subcutaneous lesions which commonly occur in 
rheumatic fever and illustrate its systemic nature. 

Aortitis in ankylosing spondylitis. Unexplained les- 
ions of the aortic valve and ascending aorta, iden- 
tical in appearance to syphilitic arteritis but without 
serological evidence of syphilis, sometimes develop 
in males with ankylosing spondylitis. 

Giant-cell or temporal arteritis. This is a fairly un- 
common condition, occurring mostly in old people 
of both sexes. It affects mainly arteries of the head. 
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but is sometimes much more widespread, and the 
aortic arch and its major branches are occasionally 
involved. Diagnosis is often based on clinical ex- 
amination and biopsy of the temporal artery, which 
is conveniently superficial and often affected. 

The lesion is an inflammation of the whole thick- 
ness and whole circumference of the affected 
arteries, affecting either a continuous length of the 
vessel or appearing as multiple focal lesions along it. 
The vessel wall is infiltrated with leukocytes (mainly 
polymorphs) in the early stages, but the subsequent 
reaction is granulomatous, with accumulation of 
lymphocytes, macrophages and multinuclear cells (of 
both Langhans’ and ‘foreign-body’ types) which 
sometimes appear to develop in relation to frag- 
ments of the disrupted internal elastic lamina. Fib- 
rous thickening of the intima, fibrous replacement of 
the media, and commonly thrombosis and organisa- 
tion, result in a severely scarred vessel with a nar- 
rowed or obliterated lumen (Fig. 14.31). 



Fig. 14.31 Section of the temporal artery in giant- 
cell arteritis, showing multinucleated giant cells lying 
in relation to the internal elastic lamina (now dis- 
rupted and seen only as small fragments). There is 
gross intimal thickening, possibly from organisation 
of thrombus, and a very narrow lumen, x 120. 

Clinically there may be localised reddening of the 
skin over an affected vessel, which is usually tender 
or painful and sometimes nodular. Depending on 
which arteries are involved, there may be headache, 
visual disturbances and even blindness (from in- 
volvement of the retinal arteries), facial pain, and 
sometimes cerebral infarction and other features 


resulting from more extensive arteritis. In some in- 
stances, the disease occurs in association with poly- 
myalgia rheumatica. It is of entirely unknown aeti- 
ology and usually self-limiting. 

Takayasu’s disease. This is a rare condition, first 
reported from Japan, in which the aorta and the 
large arteries arising from the aortic arch are 
affected by an arteritis which may resemble syphilitic 
aortitis, caseating tuberculosis or temporal arteritis. 
Intimal thickening, sometimes with superadded 
thrombosis, severely narrows or occludes the sub- 
clavian, carotid and innominate arteries (hence the 
term pulseless disease ), with resulting ischaemia of 
the head and arms. The disease affects mainly young 
women, and the aetiology is unknown. Occasional 
cases with vascular occlusions suggestive of Taka- 
yasu’s arteriopathy are encountered in Britain, but the 
patients are usually older, and may be of either sex : 
these cases are attributable to severe atheroma or 
syphilitic arteritis of the major arteries. 


Thrombotic microangiopathy 
(thrombotic thrombocytopenic 
purpura) 

This is characterised by the deposition of homogene- 
ous eosinophilic material, at least some of which is 
fibrin, in the intima and lumen of visceral arterioles, 
without an associated inflammatory reaction. It 
sometimes accompanies, and may belong to, the 
group of connective tissue diseases. Further details 
are given on p. 531. 


Raynaud’s disease 

Nomenclature. In 1862 Maurice Raynaud 
described a series of cases of intermittent im- 
pairment of the circulation through the ex- 
tremities, usually presenting as an abnormal 
response to exposure to cold. It has sinr« 
become apparent that these effects can occur in 
subjects with or without organic vascular dis- 
ease. There has been considerable confusion 
over nomenclature, but it is now customary to 
apply the term Raynaud’s disease to cases ap- 
parently due wholly to abnormal angiospasm 
and to group together under the term Ray- 
naud’s phenomenon cases in which or ganic vas- 
cular changes play a major role. 

Raynaud’s disease occurs mainly in women, 
usually starting in adolescence and often con- 
tinuing indefinitely. It usually affects the fin- 
gers, but occasionally the tip of the nose, ears 
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and toes. Involvement is symmetrical, e.g. the 
fingers in both hands are equally susceptible. 
On exposure to cold the fingers become cold, 
white or cyanotic and may be numb or ex- 
tremely painful. The circulation is restored by 
warmth, but trophic changes may occur in the 
skin and whitlows are common: ulceration and 
gangrene seldom occur unless exposure to cold 
is prolonged. 

Histological reports on the condition are 
few, because material is not usually excised 
unless gangrene develops. Thickening of the 
digital arteries has been reported, but these ves- 
sels are normally very thick walled, and reports 
of thickening have usually been erroneous. In 
cases where gangrene develops, however, there 
may be thrombosis and recanalised vessels may 
be found (Fig. 14.32). 

The condition appears to be an exaggeration 
of the normal response to exposure to cold. 
Pre-ganglionic sympathectomy is not curative. 

Raynaud’s phenomenon. This consists of 
symptoms similar to those of Raynaud s dis- 
ease, but attributable to organic vascular dis- 
ease. It may result from a number of different 
conditions, including thromboangiitis obliter- 
ans, use of vibratory power tools (e.g. pneu- 
matic drills), acrosclerosis, systemic lupus 
erythematosus, cold-antibody auto-immune 
haemolytic anaemia and cryoglobulinaemia. 

Involvement is not always symmetrical, and 
sympathectomy does not usually improve the 
condition. Both sexes are affected and, depend- 



Fig. 14.32 Transverse section of a digital artery in 
Raynaud’s disease. The lumen is obliterated by cell- 
ular fibrous tissue which has resulted from organisa- 
tion of thrombus, x 250. 

ing on the causal condition, gangrene may de- 
velop. 

Raynaud’s phenomenon can result from 
vasoconstriction in response to cold super- 
imposed on organic vascular disease, from 
arrest of the circulation in the extremities by 
cryoglobulins, and from agglutination of red 
cells in cold-antibody auto-immune haemolytic 
anaemia. 


Aneurysms 


Definition. An aneurysm is a local enlarge- 
ment of the lumen of an artery. 

Classification. A true aneurysm is formed by 
local dilatation of an artery, the blood being 
contained by the stretched vessel wall, or, when 
this is no longer recognisable, the surrounding 
connective tissue. A diffuse or fusiform 
aneurysm involves the whole circumference of the 
wall symmetrically whereas the saccular type is an 
asymmetrical bulge communicating with the 
artery through an aperture which does not in- 


volve the whole circumference. These terms may 
not be applicable to advanced lesions, which are 
often very irregular in form. 

The term dissecting aneurysm is used to de- 
scribe a condition in which the wall of an artery 
(usually the aorta) splits, and blood tracks 
along the media, separating the inner from the 
outer layers. Some other lesions are described 
as aneurysms (p. 389), 

Pathogenesis. The force which expands an 
aneurysm is the blood pressure, but for an an- 
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eurysm to form there must be an arterial lesion 
which weakens the media locally. Stretching 
usually results in further weakening, so that 
once an aneurysm has started it tends to 
expand and commonly ruptures. Occasionally 
thrombus forms in thick layers which fill the 
whole sac (Fig. 9.19, p. 239). 

Atheromatous aneurysm 

In Europe and N. America, atheroma is now 
the most common cause of true aortic an- 
eurysm, due to the decline and early treatment 
of syphilis and the concurrent increase in ather- 
oma. Atheromatous aneurysms occur usually 
after the age of 50, and much more commonly 
in men than women. They are usually fusiform 
(Fig. 14.33) and may rupture while still quite 
small. The aneurysm forms as a result of pres- 
sure atrophy of the media over atheromatous 



Fig. 14.33 Atheromatous aneurysm of the ab- 
dominal aorta arising below the origins of the renal 
arteries. The aneurysm, which is fusiform, has been 
repaired by a dacron tube, but death resulted from 
haemorrhage from rupture at the suture line. 


plaques or actual extension of the plaque into 
the media. The microscopic changes seen at the 
edges of the aneurysm are those of atheroma, 
sometimes with a marked leukocytic reaction 
around the fatty debris, and there may be 
some lymphocytic infiltration round the vasa 
vasorum in the adventitia and media. These 
aneurysms are usually a complication of 
severe atheroma and affect especially the 
abdominal aorta or a common iliac artery. 
They usually arise below the level of the renal 
arteries. 

Effects. Large aneurysms are very liable to 
rupture with retroperitoneal haemorrhage, the 
clinical features being those of an acute surgical 
abdominal emergency. In some cases throm- 
bosis of the aneurysmal sac results in ischaemia 
in the legs, kidneys, etc. Pressure effects are not 
conspicuous. 

Syphilitic aneurysm 

This occurs as a complication of syphilitic aor- 
titis, usually above the age of 40. Large aortic 
aneurysms were previously due in most inst- 
ances to syphilis, but are now very rare as a 
result of successful treatment in the primary 
and secondary stages of the disease. The com- 
monest site is the aortic arch, because it is the 
part most frequently affected by syphilitic mes- 
aortitis (p. 377), of which aneurysm is a com- 
plication. The focal loss of elastica and muscle 
in the media results in weakening of the wall, 
and there may be diffuse dilatation of the as- 
cending aorta and arch: more localised stretch- 
ing results in a fusiform or saccular an- 
eurysm, which is often accompanied by smaller 
aneurysmal bulgings, along with the stellate 
scars and intimal thickening characteristic of 
syphilitic mesaortitis. As an aneurysm forms, 
the elastic tissue and muscle of the artery wall 
soon degenerate and the sac comes to be com- 
posed of layers of fibrous tissue, on which lam- 
inated thrombus forms (Fig. 9.19, p. 239). 
Blood may infiltrate the wall of the aneurysm 
and ooze for some distance into the tissues 
around; accordingly the limits of the aneurysm 
are badly defined. 

Effects. Pressure on surrounding structures 
leads to the syndrome of superior mediastinal 
compression; the great veins may be displaced 
and undergo thrombosis, resulting in conges- 
tion of the head and neck and enlargement of 
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collateral veins. Involvement of the oesophagus 
may cause dysphagia, while pressure on a 
major bronchus may cause a chronic cough 
and suppurating bronchopneumonia. Aneur- 
ysms of the transverse part of the aortic arch 
may compress and stretch the left recurrent 
laryngeal nerve and cause paralysis of the left 
vocal cord. Rigid structures such as the bodies 
of vertebrae may be eroded and the bare bone 
come to form part of the wall of the sac; the 
intervertebral discs offer greater resistance to 
absorption and persist longer. 

Rupture of an aneurysm may occur into 
practically any tube or cavity in its neighbour- 
hood, and occasionally takes place externally 
through the chest wall. 

Embolism from thrombus formed within an 
aneurysm is uncommon. 

Cardiac hypertrophy and dilatation occur 
only when the syphilitic mesaortitis results in 
aortic-valve incompetence. Otherwise aortic 
aneurysms, even very large ones, do not affect 
the heart as there is no interference with car- 
diac output. 


Dissecting aneurysm 

This is now the commonest cause of rupture 
of the aorta. In most cases it results from rup- 
ture of the inner part of the wall of the aorta 
(Fig. 14.35) often due to degenerative changes 
in the media in which the elastica and muscle 
are replaced, in an irregular, patchy manner, by 
a metachromatic mucoid substance (Fig. 1434 ) 
and the surviving elastica often appears frag- 
mented. These changes are known as Erdheim’s 
medial degeneration. Sometimes there are small 
areas of necrosis with softening ( medionecrom ) 
but in our experience this is rare. The cause of 
these changes is unknown and in some cases 
of dissecting aneurysm they are not apparent. 
Dissecting aneurysm is commonest in people 
over 40 years old, usually with high blood pres- 
sure, but it occurs also in young people without 
hypertension, and is commoner in men than in 
women. 

The event which causes dissecting aneurysm 
is a sudden transverse tearing of the inner part 
of the aortic wall, through which blood from 
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the lumen penetrates into the weakened media. 
The tear is usually in the ascending aorta and 
may extend around almost the whole circum- 
ference (Fig. 14.35). Much less commonly, it 
occurs just distal to the point of insertion of the 
ductus arteriosus. It tends to occur during phy- 
sical exertion and is probably brought about by 
the frictional tractive force of the blood 
during systole, which thrusts the intima in the 
same direction as the blood flow. Because of 
the weakened media, the inner part of the wall 
slides to and fro with each heart-beat and even- 
tually ruptures. Blood tracks between the inner 
two-thirds and outer third of the media, effec- 
tively dissecting the inner part of the wall from 
the outer part. 

In some cases, the outer part of the aortic 
wall is ruptured almost immediately by the pres- 
sure of blood entering the media, with fatal 
haemorrhage. Occasionally the dissection re- 



Fig. 14.35 Dissecting aneurysm of the aorta. A 
rupture of the inner part of the wall, above the aortic 
valve, extends almost around the circumference, and 
blood has tracked up between the inner and outer 
parts of the wall, producing a space, a, the so-called 
dissecting aneurysm, x 1. 



Fig. 14.36 Localised dissecting aneurysm; the space 
in the media is filled with dense thrombus, x 1 -2. 


mains localised (Fig. 14.36) and clotting and 
organisation of the blood in the media results 
in healing. In most cases, however, blood 
tracks proximally and distally in the media. 
Commonly it reaches the aortic ring and rup- 
tures into the pericardial sac, causing death 
from cardiac tamponade. It may also track dis- 
tally as far as the abdominal aorta and even 
into the iliac arteries, and rupture may result in 
haemorrhage into the mediastinum, pleura, 
retroperitoneal tissue or peritoneal cavity. 

When dissecting aneurysm extends to the ori- 
gins of branches of the aorta, it compresses and 
narrows the lumen of the branches and may 
extend along them: this can result in obstruc- 
tion of the coronary arteries, branches of the 
aortic arch, mesenteric and renal arteries, etc., 
obviously with serious effects. 

Occasionally a second tear develops, usually 
in the abdominal aorta, through which blood 
in the dissecting aneurysm re-enters the lumen. 
If the patient survives, the channel in the media 
may become lined by endothelium supported 
by fibrous tissue and ‘double-barrelled’ aorta 
results (Fig. 14.37). 

Dissecting aneurysm is generally accom- 
panied by severe tearing pain in the chest. If 
untreated, it is usually fatal within a few days, 
and even with surgical treatment the outlook is 
poor. 

Marfan’s syndrome. This is a disorder of connec- 
tive tissue, inherited usually as an autosomal domin- 
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Fig. 14.37 Dissecting aneurysm of the aorta. In this 
case the blood burst back into the lumen through a 
second rupture, giving a ‘double-barrelled’ aorta, 
seen here in cross section, x 2*5. 

ant, and characterised by laxity of ligaments, e.g. of 
joints and of the eye lens, inadequate elastic fibre 
formation in the aorta, tall slim build, long tapering 
fingers (arachnodactyly) and other skeletal abnor- 
malities. Disturbances of vision result from subluxa- 
tion of the lens, and there may also be deafness. The 
aortic media lacks elastic fibres, the appearances re- 
sembling those in Erdheim’s medial degeneration. 
Fusiform aneurysm or dissecting aneurysm may 
result, and at necropsy there may be multiple healed 
aortic intimal tears. 

Other causes of aortic rupture. Apart from an- 
eurysm, rupture of the aorta may result from 
damage to its wall from outside, as by the perfora- 
tion of an impacted fishbone or other sharp foreign 
body in the oesophagus; also from very severe injury 
such as crushing of the chest. In children traumatic 
rupture can occur without fracture of the ribs. Car- 
cinoma of bronchus or oesophagus may invade the 
aortic wall and cause fatal haemorrhage. 

Infective (mycotic) aneurysm 

This may occur at the beginning of the aorta by 
direct extension of micro-organisms from vegeta- 
tions in bacterial endocarditis, particularly Staphy- 
lococcus aureus (Fig. 15.32, p. 423). The organisms 
settle on the intima, an infective thrombus forms, 
invasion and weakening of the wall follow, and an 
acute aneurysm is produced, which may rupture; 
occasionally multiple aneurysms are present. In 
smaller arteries infective aneurysms result from 
lodgment of small infected emboli in the vasa vas- 
orum, rather than from the presence of an infected 
embolus in the lumen of the artery. Inflammatory 
softening of the arterial wall results. Infective an- 
eurysms may occur in a limb or viscus, and the 
effects are similar to those seen in the non-infective 


aneurysms of polyarteritis nodosa (p. 380). Infected 
emboli in the lumen of an artery may give rise to 
acute inflammatory softening with rupture and cere- 
bral haemorrhage, e.g. in staphylococcal pyaemia. 

A mycotic aneurysm is sometimes seen in the wall 
of a tuberculous pulmonary cavity and may cause 
fatal haemoptysis. Usually, however, occlusion of 
the vessel by endarteritis obliterans or thrombosis 
prevents aneurysm formation. 

Cerebral aneurysms 

Berry aneurysms of the circle of Willis and its 

branches occur at all ages and appear to be due 
mainly to congenital weakness of the arterial 
wall. Evidence of this is destroyed when the 
aneurysm forms, but a deficiency in the medial 
muscle, especially in the acute angle between 
large branches, is demonstrable in other 
arteries at the base of the brain, and similar de- 
ficiencies are found in a small proportion of 
people without aneurysms. Probably as a result 
of stretching, the internal elastic lamina is 
absent in much of the wall of the aneurysm 
which consists of a thin, often transparent layer 
of hypocellular fibrous tissue. Although often 
called congenital, most of these aneurysms de- 
velop from adolescence onwards. The muscle 
defect, which is congenital, and hypertension 
are contributory causes of aneurysm formation 
and rupture in older people. The aneurysms 
usually occur singly, but may be multiple: they 
are usually less than 1 cm diameter, but may be 
much larger. The commonest site is at the 
origin of the middle cerebral, followed by the 
anterior communicating artery (Fig. 14.38), but 
they may arise practically anywhere on the 
circle of Willis and its major branches. Rupture 
of these aneurysms is the principal cause of 
spontaneous subarachnoid haemorrhage, but in 
some cases the sac is buried in the cortex and 
they bleed into the brain. The effects of rupture 
are described more fully on p. 740. Quite com- 
monly, an aneurysm becomes partly or com- 
pletely occluded by thrombus (Fig. 14.39). 
Occasionally a fusiform aneurysm of the bas- 
ilar artery develops as a result of atheroma. 

Micro-aneurysms. The occurrence of multiple 
micro-aneurysms on the small cerebral arterial 
twigs in hypertensive subjects was described 
over a century ago, but they are difficult to find 
without special techniques, and only recently 
has their common occurrence been reaffirmed. 
In a painstaking study, Cole and Yates (1967) 
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Fig. 14.38 Base of the brain showing subarachnoid 
haemorrhage which resulted from rupture of a berry 
aneurysm of the basilar artery (not shown). A 
second, intact berry aneurysm {black arrow) is seen 
on the anterior communicating artery. (The anterior 
cerebral arteries are marked by white arrows.) 

using a micro-angiographic necropsy technique 
reported the occurrence of multiple (usually 
15—25) aneurysms of up to 2 mm diameter, 
occurring mainly on arteries of less than 250 
/an diameter. They were detected in over 50 per 
cent of hypertensives over 50 years of age, and 
the incidence increased with age: in normoten- 
sives, the incidence was low, aneurysms being 
found only in a few subjects over 65 years old. 
The aneurysms were most numerous in and 
around the basal ganglia, and occurred usually 
at or near branchings of the striate arteries: 
they were found also in the subcortical white 
matter and in the mid-brain and cerebellum. 

The aneurysms may be saccular or fusiform, 
and the adjacent artery and wall of the sac 
show hyaline thickening of the intima, some- 
times with fibrinoid change: the internal elastic 
lamina is usually absent from, or fragmented 
in, the wall of the sac, and muscle is usually 
absent. Thrombus, sometimes organised, may 
fill the sac, and there is often evidence of old or 



Fig. 14.39 Aneurysm of circle of Willis, almost 
completely filled with thrombus, x 7-5. 


recent leakage of blood into the surrounding 
tissues. 

Cole and Yates detected micro-aneurysms in 
18 of 20 hypertensives dying from cerebral hae- 
morrhage, and they provide evidence which 
suggests strongly that rupture of such aneur- 
ysms is the usual cause of cerebral haemorrhage 
in hypertensive subjects (p. 740). 

Other forms of aneurysm 

Injury to the wall of an artery by a stab wound, etc., 
may result in the development of a traumatic 
aneurysm. It is difficult to understand how this can 
result from an injury which penetrates the whole 
thickness of the wall, and it seems more likely to be 
due to stretching of the fibrous scar resulting from 
healing of an incomplete laceration of the vessel 
wall. 

Injury of an adjacent artery and vein may result in 
an arterio-venous fistula: in some instances the con- 
nection is by a channel with a fibrous wall, which 
may dilate to form an arterio-venous aneurysm. 

A cirsoid or racemose aneurysm is a form of arterio- 
venous fistula which appears as a pulsatile swell- 
ing consisting of tortuous and dilated arteries and 
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veins with multiple intercommunications. The com- 
monest site is the scalp, and it may cause pressure 
atrophy of the underlying bone. The condition is 
sometimes congenital, but more often the result of a 
blow on the head; some of the allegedly congenital 


cases are probably the result of birth injury. Sim- 
ilarly a carotid-cavernous sinus aneurysm resulting 
from fracture of the skull base gives rise to great 
engorgement of the orbital veins and oedema of the 
orbit and conjunctiva. 


Diseases of Veins 


Compensatory enlargement of the veins takes 
place, as in the arterial system, when there is a 
sustained increase in blood flow, as in the uter- 
ine veins during pregnancy and in the collateral 
veins following obstruction of a major vein. As 
in the case of arteries, dilatation is followed by 
hypertrophy of the various elements in the wall 
of the vessels. Veins are, of course, not exposed 
to the marked variations of blood pressure 
which occur in arteries, but when they are sub- 
ject to persistent over-distension, compensatory 
changes occur in their walls. There is little or 
no hyperplasia of the muscle, but the elastic 
tissue increases greatly and then undergoes de- 
generation; the fibrous tissue also increases and 
becomes hyaline (Fig. 14.40). Localised patches 
of thickening in the intima of veins are quite 
common and probably result from organisation 
of thrombus. 

Acute thrombophlebitis 

A distinction is sometimes made between 
thrombophlebitis, by which is meant a primary 
inflammatory condition of the vein, with secon- 
dary thrombosis, and phlebothrombosis (p. 
239), in which a bland thrombosis of the vein 
occurs with, at most, mild preceding in- 
flammatory change. In many instances the dis- 
tinction is more theoretical than practical be- 
cause the presence of thrombus in the lumen of 
the vein sets up reactive changes so that differ- 
entiation between mild thrombophlebitis and 
phlebothrombosis may no longer be possible. 
In thromboangiitis obliterans, however, veins 
are often affected and exhibit the same rather 
characteristic florid inflammatory lesions seen 
in arteries in this condition (Fig. 14.26, p. 379). 
The available evidence suggests that the in- 
flammation is primary and the thrombosis a 
consequence of it. 

Multiple venous thrombosis also occurs in 


thrombophlebitis migrans but without arterial 
involvement: it usually affects superficial veins, 
but sometimes also deeper ones, in any part of 



Fig. 14.40 Longitudinal section of the wall of a 
saphenous vein used to replace a length of an ather- 
omatous coronary artery two years before death. 
The lumen is at the top and the dark fibres at the 
bottom are dense collagen fibres of the adventitia. 
The muscle coat of the media has undergone 
atrophy; the residual fibres are seen as an ill- 
defined dark layer near the periphery of the wall. 
Above this, the relatively acellular layer represents 
fibrosed and thickened media and the more cellulai 
(inner) layer consists of greatly thickened intiim 
which contains elastic fibres, collagen and largt 
spindle cells, x 120. 
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the body. In many cases the cause is not appa- 
rent, but in others it is associated with a car- 
cinoma, most often of the pancreas but also of 
breast, stomach, bronchus, ovary, etc. The 
thrombotic episodes may be the first clinical 
manifestation of the cancer. In some cases, 
small vegetations form on the cardiac valves. 

Outbreaks of a condition known as tropical 
thrombophlebitis have been reported in Afri- 
cans: thrombosis is widespread and death may 
result from involvement of visceral veins. The 
cause is unknown. 

Infective thrombophlebitis used to be seen 
commonly in the veins of the diploe and dural 
sinuses in middle-ear disease, in the uterine 
veins in puerperal sepsis, in the veins of the 
bone marrow in suppurative osteomyelitis, and 
occasionally in the pulmonary veins in cases of 
bronchiectasis. Veins involved in such lesions 
undergo thrombosis and the thrombus becomes 
invaded by bacteria, and then by polymorphs: 
fragments may break away and produce pyae- 
mia. 

In the rare condition known as pylephlebitis 
suppurativa ( portal pylephlebitis) infection, e.g. 
from appendicitis, involves a small tributary of 
the portal vein and leads to progressive ascend- 
ing thrombosis and suppuration, from which 
multiple abscesses in the liver may result. 

Thrombophlebitis may also appear as a com- 
plication of conditions in which there is a bac- 
teraemia, notably typhoid fever, and it is pre- 
sumed that organisms circulating in the blood 
settle in the intima and produce an acute 
endophlebitis with secondary thrombosis. 

Chronic phlebitis 

Chronic inflammatory processes may spread to 
the walls of the veins and lead to reactive thick- 
ening; in fact, the smallest veins are affected in 
this way in all chronic inflammatory condi- 
tions. Chronic phlebitis of obscure origin is 
occasionally observed in the large vessels, for 
example in the portal vein, and may lead to 
thrombosis; cavernous tissue develops in the 
portal fissure and after some time it may be 
impossible to say whether the changes are con- 
genital or secondary to the thrombosis. 

Endophlebitis of the hepatic veins is the basis 
of the veno-occlusive disease of Jamaica and 
certain other tropical regions (see p. 664) and 
involvement of the hepatic ostia with throm- 


bosis gives rise to the Budd-Chiari syndrome 
(p. 664). Hepatic endophlebitis also results from 
infestation with liver flukes and schistosomes. 

Tuberculous invasion of veins most com- 
monly results when a caseous lesion — usually 
in a pulmonary hilar lymph node — involves 
and destroys the wall of a vein: huge numbers 
of tubercle bacilli then enter the bloodstream 
and cause generalised miliary tuberculosis. 

Veins are often invaded by malignant tumours 
which may then release cells singly or in groups, 
with the danger of metastatic growth in the lungs, 
etc. Cancer may also grow along the lumen of 
veins, an example being clear-cell carcinoma of 
the kidney, which commonly extends along the 
renal vein and even the inferior vena cava. Such 
invasion is usually accompanied by thrombosis. 

Varicose veins 

Dilatation and tortuosity of veins is termed 
varicosity. The changes may affect a group of 
veins diffusely or take the form of saccular 
dilatations. Varicosity of veins arises from 
chronic continuous or recurrent increase in the 
pressure of the blood within them, and this re- 
sults mainly either from (a) the effects of gra- 
vity, e.g. in the leg veins, sometimes aggravated 
by compression proximally, or (b) obstruction 
of a major vein, leading to increased pressure in 
collateral veins. 

‘Gravitational’ varicosity occurs in the saph- 
enous system of the legs, notably the long saph- 
enous vein. The condition is much commoner 
in women and there is a distinct hereditary pre- 
disposition. Prolonged standing upright without 
much muscular movement causes marked rise 
in pressure and distension of the long saphen- 
ous vein, for the valves can only play their part 
in breaking the venous pressure gradient be- 
tween the heart and the foot if assisted by the 
pumping action of muscular activity of the 
lower limbs. Eventually the veins become per- 
manently stretched, so that the valves are now 
incompetent, and even muscular activity does 
not protect the veins from increased pressure in 
the upright position; in consequence, stretching 
tends to progress and the veins become visibly 
swollen and tortuous, i.e. varicose. Venous 
stasis occurs in the legs due to the pressure of the 
gravid uterus on the iliac veins and without 
doubt pregnancy is a predisposing cause of var- 
icose veins; this probably accounts for the 
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higher incidence in women, although obesity is 
also a predisposing factor. The venous valves 
and the muscle and elastic tissue of the vein 
walls atrophy somewhat irregularly so that 
thinning of the wall and pouchlike dilatations 
occur; finally the wall comes to be composed 
chiefly of fibrous tissue. The nutrition of the 
skin over varicose veins of the legs may be im- 
paired. The skin becomes eczematous and pig- 
mented, and chronic indolent ‘ varicose ulcera- 
tion’ often follows: dilated veins involved in 
such ulcers may bleed severely, but this is easily 
stopped by raising the leg with the patient lying 
flat. Thrombosis is also apt to follow. Organis- 
ation of the thrombus is generally imperfect 
and it may become calcified. 

Varicocele is another common example of 
‘gravitational’ varicosity, in the pampiniform 
plexus of veins around the spermatic cord: it is 
commoner on the left side than on the right 
and various ingenious explanations have been 
suggested for this. The distended veins feel like 
a bag of worms. It often depresses sperma- 
togenesis and impairs fertility, particularly if 
bilateral. This may be a temperature effect. 

Haemorrhoids consist of varicosities of the 
haemorrhoidal venous plexuses, projecting 
from the surface just above or below the ano- 
rectal junction. They are common in preg- 


nancy, probably due to the pressure of the 
uterus on pelvic veins, and also in people over 40 
in whom constipation and straining at stool are 
causal factors. Portal hypertension, e.g. in cirr- 
hosis, is also believed to be a predisposing factor. 

Haemorrhoids may bleed and cause iron de- 
ficiency, or they may rupture into the perianal 
subcutaneous tissue, causing painful swellings. 
They may also become thrombosed or prolapse 
through the anal sphincter and become strangu- 
lated. f ° 

‘Obstructive’ varicosity. This is exemplified 
by chronic obstruction to the portal venous 
blood flow (due most commonly to cirrhosis or 
schistosomiasis of the liver), in which the ves- 
sels which form anastomoses between the 
portal and systemic venous systems become 
varicose (p. 692): the most important ones are 
those running longitudinally in the oesophageal 
and gastric submucosa (Fig. 19.22, p. 604), for 
they may rupture and bleed profusely. Obstruc- 
tion of the inferior vena cava brings about dilata- 
tion of the veins of the abdominal wall, establish- 
ing a collateral circulation through the upper 
thoracic veins (Fig. 9.7, p. 231). Obstruction of the 
superior vena cava may occur in cases of bronchial 
carcinoma and leads to severe dusky cyanosis of 
the head, neck and arms, sometimes accompanied 
by pitting oedema of the hands. 


Diseases of Lymphatic Vessels 


The lymphatic vessels form a closed system 
separated by an endothelial layer from the 
tissue spaces. The walls of the small lymphatics 
are, however, extremely delicate, consisting 
mainly of a very thin endothelium and an in- 
complete basement membrane. Moreover, the 
junctions between endothelial cells are readily 
disrupted (p. 62). In consequence org an isms, 
leukocytes and tumour cells readily pass into 
the lymphatic vessels; also red cells which 
escape from the capillaries by diapedesis may 
be present in large numbers in the lymphatics 
draining an inflamed area. The lymphatic ves- 
sels thus afford an easy means of communica- 
tion between the tissues and lymph nodes. In- 
volvement of the lymph nodes in this way 
occurs in two main conditions, infections and 
tumours, especially carcinoma. In both, the 


extension may be due to transport of the 
organism or tumour cell by the lymph stream, i.e. 
metastasis in the strict sense. There may also be 
progressive involvement of the lymphatic vessels 
by the disease. In infections, this may involve 
either acute or chronic lymphangitis; in tumours, 
lymphatic permeation may occur, columns of 
cancer cells extending along the lymphatics (Figs. 
12.21, 12.22, p. 333). 

Acute lymphangitis. This is seen in pyogenic 
infections, and is a feature of erysipelas 
and infections of the hand, etc., due to haem- 
olytic streptococci. The spread of infection 
along the lymphatics is sometimes accompanied 
by visible reddening of the overlying skin, with 
pain and tenderness and often swelling. Spread- 
ing lymphangitis is an important feature in 
puerperal sepsis and septic abortion and may 
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be followed by cellulitis of the loose connective 
tissue around the uterus. In other cases of bac- 
terial infection, the organisms are carried by 
the lymphatic vessels and reach the lymph nodes 
without causing lymphangitis. A similar strik- 
ing example is seen in bubonic plague, where 
even at the site of infection there is usually no 
inflammatory reaction, the first lesion appear- 
ing in the related lymph nodes. 

Chronic lymphangitis occurs in various con- 
ditions; it may follow repeated acute attacks of 
erysipelas , and is an important feature in many 
types of chronic inflammation. In various chro- 
nic infections the spread of organisms by the 
lymphatics is of great importance. In tuber- 
culosis, a disease which in the early stages may 
be regarded as essentially one of the lymphatic 
system, the organisms may be carried to lymph 
nodes without causing lesions on their way. 
They may, however, settle in the walls of the 
lymphatic vessels and give rise to tubercles 
which thus come to form rows along the ves- 
sels. In tuberculous ulceration of the intestine, 
small tubercles may be found along the lym- 
phatics passing from the floor of the ulcer (Fig. 
19.60, p. 633), and also in the mesenteric lym- 
phatics. The thoracic duct may become in- 
volved by spread of bacilli along the lymph 
stream and ulceration of these lesions may set 
free a large number of tubercle bacilli into the 
circulation to set up acute miliary tuberculosis 

(p. 212). 

In syphilis also, chronic lymphangitis is a 
prominent feature in connection with the prim- 
ary lesion, and induration spreading along the 
lymphatics leads to the characteristic bubo in 
the regional lymph nodes. 

Lymphatic obstruction: lymphoedema. Chro- 
nic obstruction of lymphatics may give rise to 
interstitial accumulation of lymph (lym- 
phoedema). When this is prolonged there is 
proliferation of connective tissue in the lym- 
phoedematous area, resulting in a firm, non- 
pitting oedema. The most striking examples are 
seen in filariasis, in which obstruction of major 
lymphatics, together with recurrent inflamma- 
tion in the affected region, may lead to gross 
thickening of the tissues known as eleph- 
antiasis: the lower limbs and sometimes the male 
external genitalia may be involved (see below) 
In non-tropical countries, extensive carcinom- 
atous permeation of lymphatics is a more 
common cause, but surgical removal of lym- 


phatics or destruction of lymphatics by radio- 
therapy also cause lymphoedema. This is some- 
times seen following radical mastectomy and 
radiotherapy of the axilla for breast cancer, 
where the arm may be sufficiently deprived of 
its lymphatic drainage to develop gross lym- 
phoedema without carcinomatous involvement 
of lymphatics. Several instances of tumour 
growth resembling lymphangiosarcoma have 
been observed in the lymphoedematous arm. 
It is not clear whether they are true sarcomas, 
or metastatic breast carcinoma the appearance 
of which is modified by the lymphoedematous 
environment. 

Filariasis 

A number of species of Filarioidae, a family of 
nematode worms, infest man in tropical and 
sub-tropical countries. Infestation results from 
transmission of larvae in the bite of infested 
mosquitoes. The larvae mature into adult 
worms in the human host, and the female pro- 
duces microfilariae which are transmitted to 
man-biting female mosquitoes, in which the 
life-cycle is completed. 

Bancroftian filariasis, caused by Wuchereria 
bancrofti is the most widespread and important 
form of filariasis. It occurs in West, Central 
and East Africa, Egypt, parts of Central and 
South America, and in South East Asia. 

The adult worms are filiform, white and 
show wriggling movements: the female is 
almost 80 mm long, 0-3 mm wide, and the male 
is smaller and thinner with a spirally twisted 
tail. The adults colonise the lymphatic vessels 
and the sinuses of lymph nodes, particularly in 
the inguinal region, spermatic cord and upper 
arm: they may also infect the para-aortic lymph 
nodes and sometimes the thoracic duct. 

Acute inflammatory reactions, possibly due 
to hypersensitivity, may develop in relation to 
the adult worms, involving the spermatic cord 
or epididymis, testis and inguinal lymph nodes. 
A more severe granulomatous reaction occurs 
when the adult worms die and disintegrate: gra- 
nulation tissue containing tubercle-like follicles 
forms around the dead worms and extends to 
involve adjacent tissues and blood vessels, 
often with resultant venous thrombosis. This 
chronic inflammatory reaction results in oblit- 
eration of the lymphatics with consequent lym- 
phoedema and permanent and sometimes en- 
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ormous swelling (elephantiasis) which may 
affect the lower limb, scrotum, vulva and occa- 
sionally the arm or breast. Chronic hydrocele 
may also develop. The lymphatics in the lym- 
phoedematous tissue are distended and the skin 
is at first tense and shiny, later scaly and rough. 
Secondary bacterial infection and ulceration 
may occur. If the thoracic duct or abdominal 
lymph nodes are involved, there may be chy- 
lous ascites (escape of abdominal lymph into 
the peritoneal cavity). 

The diagnosis of infestation may be made by 
detecting microfilariae in the peripheral blood, 
bearing in mind their presence in the blood- 
stream mainly at night. The microfilariae are 
unsheathed, about 250 mm long, and are ren- 
dered conspicuous in a wet film of peripheral 
blood by the commotion of adjacent red cells 
caused by their vigorous movements. Methods 
for concentrating microfilariae in the blood are 
available. Certain differentiation from other 
microfilariae requires examination of a stained 
preparation. Microfilariae may also be detected 
by skin biopsy (Fig. 14.41). In chronic cases 
with elephantiasis, there may be no surviving 
adult worms and microfilariae often cannot be 
found. Serological and skin tests are also used 
in the diagnosis. 

A somewhat similar form of filariasis is 
caused in Asia by Brugia malayi, in which the 
distribution of the adult worms and so of the 
lesions is different. 

Loiasis, due to the filaria Loa loa, occurs in 
West and Central Africa. The adult worms live 
and move around in the connective tissues 
throughout the body and are occasionally seen 
wriggling in the conjunctiva! They induce 
superficial inflammatory lesions (fugitive or 
Calabar swellings) which persist for a few days 
and are probably due to a hypersensitivity 
reaction. Heavy infestation is associated with 
fever, vague pains, ill-health and sometimes 



Fig. 14.41 Microfilariae of Wuchereria bancrofti in 
a skin biopsy, x 200. 

intense itching. The unsheathed microfilariae 
appear in the blood during the daytime, pre- 
sumably as an adaptation to the Chrysops 
vector mosquito which hunts man in daylight. 

Onchocerciasis is caused by infection with 
Onchocerca volvulus and occurs in equatorial 
Africa and tropical America. It is transmitted 
to man by Similium flies which live along the 
banks of rivers. The adult worms are entwined 
in groups often ensheathed in fibrous tissue, 
causing subcutaneous swellings, particularly 
over bony projections in the lower limbs and, 
in tropical America, in the scalp. The female is 
about 500 mm long and the male is much smal- 
ler. 

Microfilariae are produced from about a 
year after infestation, and migrate in the dermis 
and subcutaneous tissue. They do not circulate 
in the blood, but have a predilection for the 
conjunctiva, the chambers of the eye and optic 
nerve, where their presence may result in 
blindness. 
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The Heart 


Disease of the heart now causes more deaths in 
Western countries than disease of any other 
organ, amounting to more than a third of all 
deaths in England and Wales according to the 
Registrar General’s Statistical Review for 1977. 
Atheroma and thrombosis of the coronary 
arteries account for most of these deaths by 
causing ischaemic heart disease in its various 
forms. The other frequent causes of cardiac dis- 
ease include systemic arterial hypertension, 
chronic diseases of the lungs which cause pul- 
monary hypertension, rheumatic and other les- 
ions of the heart valves, congenital abnor- 
malities, thyrotoxicosis and anaemia. The re- 
lative importance of these conditions varies 
greatly throughout the world. 

The work of the heart. Assuming that at rest 
the stroke volume of the heart is 66 ml and the 
rate 72 beats per minute, the left ventricle has a 
minute volume of about 5 litres, and a daily 


output of 7200 litres (about 1\ tons). The 
normal heart has great reserve power, and this 
can be substantially increased by physical train- 
ing. During exertion, there is a greater venous 
return to the heart with consequent increase 
in diastolic filling and stretching of the 
muscle fibres; the response is a more vigorous 
contraction (Starling’s law) and the blood 
pressure is raised. The rate of contraction 
also increases during exertion and these two 
factors together can raise the minute volume 
to about seven times that of the resting 
state. 

This physiological performance can be 
maintained only if (1) the myocardium is 
intrinsically healthy, (2) the valves function 
efficiently and (3) the conducting system of the 
heart co-ordinates contraction of the chambers. 
Disturbance of any of these requirements can 
cause cardiac failure. 


Cardiac Failure 


Definition. Cardiac failure is that state in 
which the ventricular myocardium fails to main- 
tain a circulation adequate for the needs of the 
body despite adequate venous filling pressure. 
Failure of one or both atria is common, but the 
effect on cardiac function is relatively unimpor- 
tant unless ventricular function is also deficient. 

Causes 

Cardiac failure is due to weakness or in- 
efficiency of myocardial contraction, to an 
abnormal increase of the work required of the 
myocardium, or to a combination of both. 
These two basic causes may be further clas- 
sified as follows. 


(1) Intrinsic pump failure. This is most com- 
monly due to weakness of the ventricular con- 
traction, the commonest cause of which is myo- 
cardial ischaemia resulting from coronary 
artery disease. Other causes of myocardial 
weakness include myocarditis, severe toxic bac- 
terial infections and congestive cardiomyo- 
pathy. 

Systolic emptying of the affected ventricle(s) 
is incomplete because the force of contraction 
is reduced, and during diastole the chamber di- 
lates to contain both the residual blood and that 
received from the atrium. The dilated chamber 
works at a disadvantage because the force re- 
quired to provide a given pressure is greater in 
a large than in a small chamber. Consequently, 
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unless the cause is reversible, dilatation and fail- 
ure tend to be progressive. Moreover, left or 
right ventricular dilatation results in stretching 
and incompetence (functional incompetence) of 
the mitral or tricuspid valve respectively, and 
this, as described below, increases the work of 
the dilated ventricle. 

A less common cause of intrinsic pump failure 
is impaired compliance of the myocardium which 
in plain language means that the ventricles are 
too stiff to relax and fill properly during 
diastole, as in hypertrophic cardiomyopathy 
and amyloid disease of the heart. The abnormal 
rigidity may also interfere with myocardial 
contraction. By restricting cardiac filling, peri- 
cardial haemorrhage or effusion and restrictive 
pericarditis can produce similar effects. 

Disorders of cardiac rhythm, resulting from 
various conditions, are also included in this 
group. Although minor irregularities such as 
sinus arrhythmia and occasional extrasystoles 
do not significantly impair cardiac function, 
severe tachycardia so shortens the time for 
diastolic filling of the ventricles and diastolic 
flow in the coronary arteries that the efficiency 
of the heart is substantially decreased; this hap- 
pens in atrial fibrillation and flutter and the 
paroxysmal tachycardias. The bradycardia seen 
in complete heart block (about 30 beats a 
minute) causes a marked fall in cardiac output. 

(2) Increased pressure load results from any 
condition which increases the resistance to ex- 
pulsion of blood from the ventricles. The com- 
monest causes affecting the left ventricle are 
systemic hypertension and aortic valve stenosis, 
while resistance to emptying of the right ven- 
tricle is usually due to pulmonary hypertension 
resulting from various diseases of the lungs and 
from mitral stenosis. 

If the cause is chronic, the affected chamber 
undergoes hypertrophy, but eventually dilata- 
tion and failure develop. 

(3) Increased volume load. This arises when a 
ventricle is required to expel more than the 
normal volume of blood. It occurs when, owing 
to incompetence of a heart valve, some of the 
blood leaks backwards (e.g. through the aortic 
valve during diastole), and also in conditions in 
which the general circulation is increased, e.g. 
anaemia, thyrotoxicosis, and hypoxia resulting 
from lung disease. Other causes include shunts 
between the left and right sides of the circula- 
tion, and arterio-venous shunts. 


(4) Coincidence of multiple factors. Each of 
the above aetiological groups may independ- 
ently produce cardiac failure, but various fac- 
tors often operate simultaneously. For ex- 
ample, a patient with mitral stenosis and myo- 
cardial fibrosis due to previous rheumatic fever 
may have only impaired exercise tolerance (i.e. 
diminished cardiac reserve) without evidence of 
cardiac failure at rest; with the onset of atrial 
fibrillation cardiac failure at rest may develop. 
An individual with systemic hypertension may 
develop cardiac failure as a result of occlusion 
of a minor coronary artery which would go vir- 
tually unnoticed but for the hypertension, or 
cardiac failure may be precipitated by an attack 
of pneumonia in a person with pulmonary 
hypertension due to chronic lung disease. 

Manifestations of cardiac failure 

In mild failure, cardiac function is adequate for 
the needs of the body at rest, and failure 
becomes apparent as undue breathlessness on 
exertion; this is attributable to congestion of 
the lungs, which stimulates respiratory reflexes. 
In more severe cardiac failure, cardiac output is 
inadequate even at rest and structural changes 
in various organs result. The nature of the 
changes depends on the duration of the cardiac 
failure, and on which ventricle predominantly 
fails. 

Acute cardiac failure is due to conditions of 
sudden onset, e.g. coronary artery occlusion, 
pulmonary embolism, acute infections, the 
hypertension of acute glomerulonephritis, the 
development of an arrhythmia, or rupture of a 
chamber or valve cusp. When cardiac failure is 
acute and severe (most often due to myocardial 
infarction) the acute fall in cardiac output, with 
consequent diminished tissue perfusion, results 
in a reaction closely similar to that in hypovo- 
laemic shock, with selective vasoconstriction. 
The term cardiogenic shock (p. 263) is ap- 
propriate, but the central venous pressure is 
raised, and the principles of treatment are quite 
different: the full picture of shock develops in 
only a small proportion of cases, but when it 
does occur the outlook is poor. Conversely, 
acute heart failure may develop as a result of 
severe, prolonged hypovolaemic or septic shock 
(pp. 262-4). In both of these circumstances, if 
death occurs rapidly the organs behind the 
failing ventricle show acute venous congestion. 
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and the distinction between cardiogenic shock 
and heart failure resulting from shock may 
depend on the presence or absence of a causal 
lesion (usually a myocardial infarct) in the 
heart. 

Chronic cardiac failure may follow acute car- 
diac failure if death or recovery does not occur 
rapidly. In cardiac disease of gradual onset, e.g. 
acquired valvular lesions, chronic failure is par- 
ticularly common. At death the changes of 
generalised chronic venous congestion (see p. 
228) are found, and the heart will show the feat- 
ures of the causative lesion, the dilatation of 
failure and in some instances compensatory 
enlargement of the chambers. These are de- 
scribed below. 

Left ventricular failure causes 60 per cent of 
deaths in untreated essential hypertension, and 
is a common cause of death in myocardial in- 
farction, a condition which mainly affects the 
left ventricle. It is also often the cause of death 
in patients with disease of the aortic valve. The 
clinical and pathological manifestations are 
predominantly pulmonary, for the left ventricle 
fails to maintain its output and, in the presence 
of an efficient right ventricle, blood accum- 
ulates in the pulmonary circulation causing 
congestion in the lungs. Severe breathlessness, 
cyanosis and pulmonary oedema are the out- 
standing clinical features. There may be no evi- 
dence of right venticular failure, though some 
congestion of the neck veins is usual. Par- 
oxysmal nocturnal attacks of dyspnoea are 
common in systemic hypertensive patients and 
are due to acute left ventricular failure, perhaps 
from resorption of peripheral oedema fluid 
when the patient is recumbent at night. At 
necropsy there is dilatation of the left ventricle 
and functional mitral incompetence: acute or 
chronic venous congestion of the lungs is 
found with pulmonary oedema and froth in the 
bronchi. 

Right ventricular failure in its most acute 
form is found in cases of massive pulmonary 
embolism. The more chronic forms are found 
in pulmonary arterial hypertension due to 
lung disease (e.g. fibrosis or chronic bronchitis 
and emphysema) and to mitral stenosis. In pure 
right ventricular failure an excess of blood 
accumulates in the systemic veins, and in addi- 
tion to the causal lesion there will be dilata- 
tion of the right ventricle with functional tricu- 
spid incompetence, distension of the great veins, 


e.g. in the root of the neck, and acute or chronic 
venous congestion of the liver, spleen and kid- 
neys (p. 228 et seq). Oedema, ascites, etc., are 
conspicuous in untreated advanced cases. Right 
ventricular failure also occurs in mitral sten- 
osis, but there is, in addition, chronic venous 
congestion of the lungs, with or without pul- 
monary oedema. The rise in pulmonary venous 
pressure results in pulmonary arterial hyper- 
tension due to increased tone of the pulmonary 
arterioles. 

Total heart failure combines the features of 
left and right ventricular failure and is found 
not only in diseases which cause diffuse myo- 
cardial damage (e.g. extensive infarcts, myocar- 
ditis) but also in states requiring a persistently 
high cardiac output (thyrotoxicosis, etc.). In 
addition, when there is left ventricular failure 
the strain imposed on the right side of the heart 
by the raised pulmonary pressure sooner or 
later leads to right ventricular failure. 

In some cases of heart failure due to lack of 
ventricular compliance, there may be little or 
no ventricular dilatation. 

Hypoxic phenomena. When left ventricular 
output falls suddenly and markedly, the cere- 
bral blood supply is so diminished that the 
patient loses consciousness. This may be mo- 
mentary, as in a vaso-vagal attack (p. 260), or 
it may be rapidly fatal when due to occlusion 
of a main coronary artery, massive pulmonary 
embolism or rupture of a cardiac chamber. 
When the condition is reversible, e.g. during an 
attack of complete heart block, transient loss of 
consciousness may occur (Stokes-Adams 
attack ); similar attacks occur in patients with 
incompetence of the aortic valve. In chronic 
cardiac failure, oxygen deficiency in the tissues is 
less marked and is seen clinically in the form of 
cyanosis, sometimes accompanied by mental 
confusion. Pathologically, the effects of stagna- 
tion hypoxia are best seen in tissues such as 
liver where centrilobular loss of liver cells is 
usually present in association with venous 
congestion. A compensatory increase in red 
cells (erythrocytosis) may occur due to 
hypoxia. 

Cardiac oedema is dealt with on pp. 255-6. 

Thrombo-embolic phenomena. Patients with 
cardiac failure are especially prone to develop 
deep venous thrombosis in the legs as a result 
of venous stagnation and muscular inactivity 
associated with lying in bed: in consequence, 



Cardiac failure 399 


there is a serious risk of pulmonary embolism. 
Thrombus is also common in the atria and, in 
some forms of heart failure, in the ventricles: 
such cardiac thrombi, depending on their site, 
can give rise to pulmonary or systemic emboli. 


dium as"a result uf a'chronic disease (e.g. a val- 
vular lesion or hypertension) compensatory 
myocardial hypertrophy occurs 4 in the walls of 
the affected chambers and enables them to deal 
more effectively with the increased work of 
maintaining the circulation. In conditions of 
increased volume load, due for example to val- 
vular incompetence, the affected ventricle(s) 
dilate passively during diastole to contain an 
increased volume of blood, thus compensating 
in some degree for the blood which, instead of 
passing onwards, is regurgitated through the 
leaking valve. This occurs before the superven- 
tion of heart failure, i.e. when ventricular sys- 
tolic emptying is normal, and has been termed 
compensatory dilatation. Use of the term ‘com- 
pensatory’ for passive over-dilatation is per- 
haps not well justified, but it does serve to 
emphasise the difference from the dilatation of 
ventricular failure, in which emptying is in- 
complete due to weakness of the myocardial 
contraction. Both hypertrophy and com- 
pensatory dilatation cause cardiac enlargement, 
which is further increased by the dilatation of 
cardiac failure. 

The limiting factors in cardiac hypertrophy 
are not understood. A likely one is the dif- 
ficulty in maintaining adequate myocardial per- 
fusion and respiratory exchange when the dia- 
meter of the fibres is increased. Because of the 
vascular arrangements of the coronary supply, 
ventricular hypertrophy renders the inner part 
of the myocardium particularly liable to is- 
chaemia in the presence of coronary artery 
disease (p. 404). 

The assessment of cardiac enlargement. In left 
ventricular hypertrophy, the weight of the heart 
is increased above the normal 300-350 g often 
to over 500 g. Because of its smaller mass, 
hypertrophy of the right ventricle is only occa- 
sionally sufficient to increase markedly the 
total heart weight. Although hypertrophy of 
either ventricle is usually obvious at necropsy 


These complications are described in Chapter 


Compensator ^enlargement of the hearty I w* 

When extra work is imposed on the myocar- 


from the increased thickness of its wall (Fig. 
15.1), the degree of hypertrophy is not readily 
assessed without taking account of the volume 
of the chambers, i.e. the degree of dilatation. A 
more reliable method is to separate and weigh 
the individual ventricles, making allowance for 
epicardial fatty tissue and any gross fibrous 
scars, etc. 



Increase in size of the hypertrophied heart is 
often not readily assessed by clinical or radio- 
logical measurements unless there is also dila- 
tation, in which case it is difficult to distinguish, 
from size alone, between the two processes. 

Characteristic electrocardiographic changes 
accompany ventricular hypertrophy, especially 
when only one ventricle is involved. 

Causes of left ventricular hypertrophy. The 
common causes of marked left ventricula r 
Iiypertrophy ar e (1) systemic hyperteji s’™ 1 ] 
(essential, or secondary to renal disea se J-namJ 
tation of the aorta and certain gaflSgjje7 
tumours): (2) steno sis of the "aortic vaive; (I) 
compensatory dilatation of the lett ventricle (in 
aortic or mitral incompetence); (4) persistently. 
/high cardiac output jainyrotoxTcosja anaemia _ 
arteri o-venous fis tula! and raget's disease of 
Bone). Mild and focal lett ventricular nyper^ 
trophy is found in the absence of hypertension 
or valvular lesions in certain patients with 


healed myocardial infarcts, and is presumably 
compensatory for the loss of muscle. Various 
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cardiomyopathies (p. 408) are a less usual cause 
of hypertrophy. 

Causes of right ventricular hypertrophy. Most 
examples of right ventricular hypertrophy are 
attributable to pulmonary arterial hyertension. 
The common causes are (1) chronic lung dis- 
ease, especially bronchitis and widespread pul- 
monary fibrosis; (2) stenosis and/or incompe- 
tence of the mitral valve; (3) congenital heart 
disease with large shunts of blood from one 
side of the heart to the other; (4) stenosis of the 
pulmonary valve; (5) massive hypertrophy of 
the left ventricle, which is often accompanied 
by right ventricular hypertrophy without any 
other obvious cause. This may be due to distor- 
tion of the right ventricular lumen by the 
hypertrophied ventricular septum. Rarer causes 


of right ventricular hypertrophy include multi- 
ple small pulmonary emboli and other unusual 
causes of pulmonary hypertension (pp. 454-7). 

Causes of compensatory dilatation. Com- 
pensatory dilatation of the left ventricle results 
from incompentence of the mitral or aortic 
valve or of both, and right ventricular dilata- 
tion from incompetence of the tricuspid and/or 
pulmonary valves. A lesser degree of com- 
pensatory dilatation of both ventricles occurs 
in patients with persistently high cardiac 
output, e.g. in thyrotoxicosis or arterio-venous 
shunts. 

Compensatory dilatation is accompanied by 
hypertrophy of the affected ventricle, the 
degree of which depends on the increase in its 
work load. 


Ischaemic Heart Disease 


Myocardial ischaemia is one of the major 
causes of disability and death in dev eloped 
countries, the outstanding ca use being atherj 
foma of th e coronary arteries, j dften complicated 
'By'yctlusrve thrombosis, practically everybody 
in such communities has some degree of cor- 
onary atheroma by the age of 40, and deaths 
even earlier than this are by no means 
uncommon. In recent years, however, deaths 
from ischaemic heart disease have apparently 
decreased significantly in the U.S.A., perhaps 
because of the factors mentioned on p. 369. In 
this country there has been no obvious decrease 
in the mortality rate, although a plateau may 
have been reached. Severe atheromatous nar- 
rowing, particularly of more than one major 
coronary artery, can give rise to (1) angina pec- 
toris, severe chest pain brought on by factors 
which increase the work of the heart; (2) myo- 
cardial infarction, usually precipitated by super- 
added occlusive thrombosis; (3) sudden death; (4) 
cardiac failure; and (5) cardiac arrhythmias, due 
to ischaemic injury of the conducting system. 

These last three effects may occur either with 
or without a history of angina pectoris or myo- 
cardial infarction. 

Angina pectoris 

This consists of attacks of severe, sometimes 
agonising chest pain of sudden onset, due to 


acute ischaemia of a part of the myocardium 
with an inadequate blood supply. The pain is 
brought on by factors which increase the work 
of the heart and is relieved by rest and by vaso- 
dilator drugs such as nitroglycerin. Physical 
exercise, anger, anxiety, a heavy meal and ex- 
posure to cold can all induce an attack. 

Aetiology and structural changes. The prim- 
ary factor in nearly all cases is atheromatous 
narrowing of the coronary arteries. Coronary 
atheroma shows the usual features of atheroma 
in other arteries (pp. 362-6). There is patchy 
fibrous thickening of the intima with accumula- 
tion of lipid debris (Fig. 15.2). Calcification is 
usually present, and confluent calcified patches 
of atheroma may convert lengths of the vessel 
into a rigid tube which cannot be cut with a 
knife; it is then very difficult to examine satis- 
factorily without decalcification. Atheroma 
affects all the main branches of the coronary 
arteries but the earliest and most severe lesions 
often develop in the first 2-3 cm of the left 
coronary artery or in its anterior descending 
branch. Even small distal epicardial branches 
may be narrowed, although branches that have 
penetrated into the myocardium are usually 
free of atheroma. At necropsy, occlusion of one 
or more major coronary vessels by organised 
thrombus can often be demonstrated, with 
some restoration of blood supply to the distal 
part of the occluded vessel by enlarged 
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Fig. 15.2 Severe atheromatous narrowing of a cor- 
onary artery. In this instance, the lumen has been 
further reduced by haemorrhage into the soft lipid- 
rich material, seen as the dark area in the atheromat- 
ous patch, x 20. 

anastomotic arteries (Fig. 15.3). In most cases 
of angina pectoris, at the time of death there 
is myocardial scarring (Fig. 15.4) or recent 
myocardial infarction, but myocardial lesions 
are not invariably present. 

Severe atheromatous coronary narrowing 
may account for the finding of areas in which 
the myocardium is partly replaced by scar 
tissue, but in which some myocardial fibres 
persist (Fig. 15.5), particularly around blood 
vessels. Old, organised coronary occlusions are, 
however, commonly present in such cases, and 
it is often not clear whether the scarring has 
resulted from chronic ischaemia or myocardial 
infarction. On the basis that the resistance to 
coronary blood flow is mainly in the arterioles 
and capillary network, it has been calculated 
that an atheromatous lesion of a coronary 
artery must reduce the sectional area by 70 per 
cent or more to cause a reduction in blood 
flow. This may be true for resting conditions, 
but lesser degrees of narrowing, especially if 
multiple, will inevitably restrict the increased 
flow which occurs when the arterioles relax, as 
in physical activity. 

In most cases of angina pectoris, there is 
some degree of left ventricular hypertrophy, 
usually due to systemic hypertension: by in- 
creasing the amount of muscle supplied by the 
coronary arteries, this aggravates coronary 



Fig. 15.3 Post-mortem radiograph of part of the 
right coronary artery in a case of angina. Shortly 
after its origin (arrow), a length of the artery is oc- 
cluded ( square ) and adjacent vessels have enlarged to 
provide a collateral route, so that the artery is filled 
beyond the occlusion. A second occlusion ( oblong ) is 
present, but is partly obscured by the curving course 
of the artery. (Professor M. J. Davies.) 



Fig. 15.4 Extensive fibrosis of left ventricle with 
marked thinning at places; secondary to coronary 
disease, x 0-5. 
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Fig. 15.5 Part of a large zone of myocardial scar- 
ring throughout which some myocardial fibres have 
survived. 


insufficiency and acts as a predisposing cause. 
Ventricular hypertrophy due to lesions of the 
cardiac valves or to cardiomyopathy (see later) 
has a similar effect. Narrowing of the ostia of 
the coronary arteries by syphilitic aortitis is 
now a rare cause of angina pectoris. 

Clinical course. In general, chronic coronary 
insufficiency can be expected to shorten life, 
although there are wide variations in the clini- 
cal course and some patients with angina sur- 
vive more than 20 years. Many die suddenly 
and unexpectedly; in some this is due to sudden 
occlusion of a coronary artery by thrombus, 
but in about half the cases no recent occlusion 
can be demonstrated. Death in these cases is 
assumed to be due to the sudden onset of ven- 
tricular fibrillation, and this has been con- 
firmed in patients being monitored by elec- 
trocardiography at the time of death. 

Myocardial infarction 

Myocardial infarction is the commonest cause 
of death in many parts of the world today. 
Approximately 33 per cent of males and 25 per 
cent of females coming to necropsy in this de- 
partment have evidence of old or recent myo- 
cardial infarction. The mortality rate varies 
appreciably, even in different parts of the Bri- 


tish Isles, and in the Clyde valley the rate is 
probably the highest in the world. 

Like infarction in other tissues, it is due to 
acute ischaemia, usually caused by occlusive 
thrombosis of a coronary artery over an 
atheromatous patch. 

Clinical course 

The onset of myocardial infarction is signalled 
by the appearance, often abruptly, of severe 
persistent chest pain. Many patients already 
suffer from angina pectoris and they often re- 
cognise that the pain is different, being contin- 
uous for some hours and failing to respond to 
rest and nitroglycerin. With the onset the pati- 
ent may experience profound weakness and 
breathlessness, and there is usually evidence of 
peripheral circulatory failure with hypotension, 
cyanosis and a cold clammy skin. Fever, leu- 
kocytosis and a raised erythrocyte sedimenta- 
tion rate are commonly observed within the 
first 24 hours. Certain tissue enzymes are re- 
leased by the dead heart muscle, with a conse- 
quent rise in blood levels, which is of diagnostic 
value. The serum concentration of glutamic 
oxaloacetic aminotransferase, for example, 
rises within 6 to 12 hours, and reaches a peak 
within 2 or 3 days. Characteristic abnormalities 
of the electrocardiogram are often demon- 
strable, but by no means always. The prognosis 
of myocardial infarction depends on a number 
of factors including the size of the infarct, its 
site (e.g. whether it involves the conducting 
system), the patient’s age, and whether or not 
he (or she) has hypertension. Approximately 25 
per cent of the patients admitted to hospital 
die, mostly within the first week, but this 
excludes a large number who die before they 
can reach hospital. Death is most commonly 
caused by ventricular fibrillation, cardiac failure 
or secondary embolic disease (see below). 

Structural changes 

The changes found in the heart at necropsy 
depend on how long the patient has lived since 
the onset of infarction. 

The coronary arteries usually show extensive 
atheroma, but in some cases there will be only 
one or two patches causing severe narrowing. 
The occluding thrombus typically overlies an 
atheromatous patch, but may extend along a 
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considerable length of the vessel. At first, it is 
usually composed mainly of red thrombus (Fig. 
15.6); subsequently it becomes pale and is even- 
tually organised, often with some recanalisa- 
tion (Fig. 15.7). 

Thrombosis of the anterior descending 
branch of the left coronary artery is par- 
ticularly common and usually causes an infarct 
involving the anterior wall of the left ventricle 
together with the apex and sometimes extend- 
ing to the anterior part of the interventricular 
septum and the adjacent part of the anterior 



Fig. 15.6 Recent thrombotic occlusion of the right 
main coronary artery: death resulted 12 hours after 
the onset of symptoms. The artery has been opened 
longitudinally to reveal the thrombus. 



Fig. 15.7 Coronary artery recanalised after occlu- 
sion by thrombus. There was extensive healed myo- 
cardial infarction, x 25. 



Fig. 15.8 Post-mortem angiogram in a case of 
recent myocardial infarction. The anterior descend- 
ing artery (LAD) is occluded proximally (arrows), 
and although there was sufficient collateral supply 
to fill the artery distally, extensive infarction had 
occurred over the anterior wall and apical region. 
Note also the atheromatous narrowings of the right 
coronary artery. (Professor M. J. Davies.) 

wall of the right ventricle (Fig. 15.8). Occlusion 
of the right main coronary artery is almost as 
frequent and is associated with infarction of the 
posterior wall of the left ventricle, sometimes 
involving also the posterior part of the septum 
and posterior wall of the right ventricle. Occlu- 
sion of the circumflex branch of the left cor- 
onary artery can cause infarction of the lateral 
wall of the left ventricle, but occlusion of the 
descending and circumflex branches of the 
right coronary artery are relatively rare causes 
of infarction. In some instances, recent throm- 
bus is found in two major vessels, and infarc- 
tion is accordingly extensive. 

The extent of infarction varies considerably, 
depending on the severity of atheromatous nar- 
rowing and the presence or absence of previ- 
ous thrombosis in other coronary arteries. 
There is considerable normal variation in the 
relative sizes of the left and right arteries, and 
atheromatous narrowing of a branch may 
result in enlargement of collateral vessels (Fig. 
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15.3) so that its final occlusion causes a lesser 
infarct than usual, or even none at all. 

The detection of thrombus in coronary 
arteries narrowed by atheroma is not always 
easy. If the arteries are opened lengthwise with 
scissors, a small thrombus may be displaced 
and disrupted by the point of the blade without 
being noticed. A more satisfactory method of 
examining the vessels is by transverse section at 
close intervals. The presence of extensive and 
grossly calcified atheromatous lesions prevents 
satisfactory naked-eye examination of the 
affected parts of the vessels at necropsy, and 
decalcification is first necessary. 

The infarct may involve the whole thickness 
of the myocardium, or it may be confined to 
the inner part of the wall. Occasionally infarc- 
tion involves the deeper, subendocardial myo- 
cardium throughout most of the circumference 
of the left ventricle: there is usually severe athe- 
romatous narrowing of the left and right main 
coronary arteries and the anterior descending 
branch, but without recent thrombosis. It ap- 
pears that such extensive arterial narrowing 
renders especially precarious the blood supply 
to this part of the myocardium and that sub- 
endocardial ischaemic necrosis can occur with- 
out superadded occlusive arterial thrombosis 
(Davies, Woolf and Robertson, 1976). 

Although ischaemic death of myocardium 
occurs within a few minutes of loss of blood 
supply, the visible changes of infarction in the 
dead muscle do not appear for 8 hours or so. 
Accordingly, in patients who die suddenly at 
the time of coronary occlusion, or within the 
next few hours, acute changes in the myocar- 
dium are not observed by naked-eye or or- 
dinary light microscopy. The first changes 
noticed by naked eye are blotchy congestion 
and pallor. Although the muscle undergoes 
coagulative necrosis, the infarct can usually be 
felt after a day or so as a patch of softening, 
and during the next few days it becomes pale 
(Fig. 15.9) and its colour changes from brown 
to yellowish-grey. After a week or so it 
becomes more sharply defined by the develop- 
ment of a zone of vascular granulation tissue 
along the margin, and removal of the dead 
tissue by organisation gradually proceeds. 
When the infarct extends to the outer surface 
of the myocardium, the pericardial surface is 
pften covered by a layer of fibrinous exudate 
with marginal haemorrhages. On the inner 



Fig. 15.9 Myocardial infarction of 11 days’ dura- 
tion. The anterior descending branch of the left cor- 
onary artery (a) is occluded by thrombus and there is 
extensive infarction of the wall of the left ventricle, 
seen as areas of pallor and surrounding congestion (b). 
Note also mural thrombus at the apex. 

aspect, the endocardium and a thin layer of 
adjacent myocardium remain alive, nourished 
by blood from the lumen, but in patients sur- 
viving for several days this does not prevent 
thrombosis on the endocardial surface (see 
below). 

Under the microscope the infarcted muscle 
shows the usual features of necrosis (Fig. 2.5, 
p. 11). The necrotic muscle is invaded by poly- 
morphonuclear leukocytes and, after a few 
days, digestion by macrophages and organisa- 
tion can be seen at the margins (Fig. 15.10). 
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Fig. 15.10 Infarct of myocardium of 12 days’ dura- 
tion. The necrotic heart muscle (i upper right) is sepa- 
rated from the surviving muscle by a zone of cellular 
and vascular granulation tissue, x 40. 

Gradually, the dead muscle is replaced by fib- 
rous tissue, the process taking some weeks or 
even months, depending on the size of the in- 
farct, and eventually a pale fibrous scar re- 
mains (Fig. 15.11). 

As already stated, it is sometimes not pos- 
sible to determine whether myocardial fibrosis 
has resulted from infarction or chronic isch- 
aemia. 



Fig. 15.11 Old infarct represented by replacement 
of the lateral and posterior wall of the left ventricle 
by a relatively thin fibrous scar. 


Aetiology 

The important cause of myocardial infarction 
is atheroma of the coronary arteries with super- 
added occlusive thrombosis over an atheromat- 
ous patch. The aetiology of atheroma, and the 
factors associated with an increased risk of 
myocardial infarction, have been discussed on 
p. 366. These include raised levels of various 
plasma lipids, obesity, hypertension, cigarette 
smoking and a sedentary occupation. These 
factors are all of long duration, and are likely 
to promote the gradual development and ex- 
tension of atheroma, but they may also pre- 
dispose to superadded thrombosis. Enhanced 
coagulability of the blood has been shown to 
be common in patients with ischaemic heart 
disease, and correlates partially with the levels 
of plasma lipids. It has also been shown that 
coronary blood flow is affected by cigarette 
smoking, which may also predispose to throm- 
bosis by the mechanisms noted on p. 369. 

Patients with severe coronary atheroma are 
particularly liable to myocardial infarction fol- 
lowing a severe injury or major surgical opera- 
tion. This may occur during a period of shock, 
but the risk is high for some weeks following 
the injury, etc. The circulatory disturbances of 
shock, the effect of anaesthetic agents on the 
heart, and the increased coagulability of the 
blood following injury are all probably of 
importance. 

Relationship of coronary thrombosis to myo- 
cardial infarction. The reported incidence of 
recent coronary thrombosis in patients dying of 
acute myocardial infarction varies greatly. In 
some series, the incidence has been only about 
50 per cent, and considerably lower in those 
patients dying within a few hours of the onset 
of symptoms. Accordingly, it has been sug- 
gested that coronary thrombosis may not be the 
cause of infarction, and that it occurs after the 
muscle has died. The evidence for this view de- 
pends upon the care with which the coronary 
arteries are examined (see above). By careful 
examination of the coronary arteries by close 
transverse section, preceded when necessary by 
decalcification, workers at St. Georges’ Hos- 
pital, London, have found an occlusive throm- 
bus in the expected artery in virtually all cases 
of myocardial infarction in patients dying 12 
hours or more after the onset of clinical symp- 
toms, and Harland’s experience in this depart- 
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ment has been similar. In patients dying within 
a few hours of onset, infarction cannot be iden- 
tified morphologically, and the diagnosis is in- 
secure. These findings relate to regional (trans- 
mural) infarcts occurring mainly within the ter- 
ritory supplied by a major coronary artery. By 
contrast, circumferential sub-endocardial nec- 
rosis of the myocardium (see above) is not 
usually associated with recent coronary throm- 
bosis, but this lesion accounts for only about 6 
per cent of all infarcts (Davies, Woolf and 
Robertson, 1976). 

Microscopic examination of recent coronary 
occlusions shows that the thrombus very often 
forms over a ruptured atheromatous plaque 
(Fig. 15.12), and this suggests that the rupture 
(and not necrosis of muscle) has promoted 
thrombosis. It follows that, in such cases, in- 
farction is the result of the occlusion. Admit- 
tedly, old organised occlusive coronary arterial 



Fig. 15.12 Coronary artery in longitudinal section, 
showing an ulcerated atheromatous plaque (left, 
l&wer) with occlusion of lumen by thrombus, x 15. 


thrombosis is sometimes found without evi- 
dence of previous infarction (i.e. a myocardial 
scar), but this is probably attributable to com- 
pensatory enlargement of anastomotic arteries 
due to the presence of atheroma before the 
thrombosis occurred. 

Experimental animal studies also support the 
causal role of thrombosis, for occlusion of a 
major coronary artery results in infarction, 
whereas myocardial necrosis induced by other 
means is not followed by coronary thrombosis. 

In his extensive studies on myocardial in- 
farction, Fulton has found no evidence against 
the orthodox view that coronary artery throm- 
bosis precedes and causes transmural infarc- 
tion. In particular, the evidence from examina- 
tion of coronary thrombi at necropsy following 
intravenous administration of radio-labelled 
fibrinogen was fully consistent with this view 
(see Davies, Fulton and Robertson, 1979). 

Infrequent causes of myocardial infarction. 
Occlusion of the ostia of the coronary arteries 
by syphilitic aortitis is nowadays a rare cause 
of infarction, and so are coronary lesions due 
to polyarteritis nodosa or Buerger’s disease. 
Occlusion of a coronary artery by embolus is 
also much less common than thrombosis, but 
sometimes results from bacterial endocarditis, 
and also from detachment of thrombus form- 
ing in relation to valve prostheses. 


Effects and complications 

(a) Arrhythmias. Death from myocardial 
infarction most frequently results from ar- 
rhythmias, particularly ventricular fibrillation. 
Healed infarcts may also be associated with 
cardiac arrhythmias and are the chief cause of 
heart block. 

(b) Cardiac failure. Extensive infarction of 
left ventricular muscle can cause acute heart 
failure, and if severe this results in cardiogenic 
shock, the prognosis of which is poor. Loss of 
the infarcted muscle also predisposes to chronic 
heart failure, which may develop at any time 
after infarction. 

(c) Mural thrombosis. Following acute myo- 
cardial infarction, release of tissue thrombo- 
plastin from the damaged muscle and localised 
eddying of blood may lead to thrombosis in the 
ventricular chambers (Fig. 9.16, p. 238). This is 
seen at necropsy in about 30 per cent of cases: in 
patients who survive, the thrombus is eventually 
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organised. Systemic emboli can result from 
mural thrombosis, but are not very common. 

(d) Venous thrombosis. Presumably because 
of reduced blood flow, systemic venous throm- 
bosis is an important complication of myocard- 
ial infarction and tends to occur especially in 
the veins of the legs (p. 241). Detachment of 
such thrombus is common and consequently 
pulmonary embolism is not infrequently a 
cause of death in myocardial infarction. 

(e) Rupture of the left ventricle due to myo- 
cardial softening ( myomalacia cordis) causes 10 
per cent of deaths occuring soon after myocard- 
ial infarction. It generally occurs within 14 
days after infarction, when autolysis of the in- 
farct is active, and especially when leukocytic 
invasion is marked and repair has not started. 
Rupture leads to sudden death from massive 
haemopericardium. When the interventricular 
septum is involved in infarction it may rupture, 
leading to sudden onset of severe cardiac fail- 
ure and a loud heart murmur. Rupture of an 
infarcted papillary muscle in the left ventricle 
may also occur, leading to incompetence of the 
mitral valve, with a loud murmur and intract- 
able pulmonary oedema. Persistence of hyper- 
tension and of physical activity after infarction 
predispose to cardiac rupture. 

(f) Cardiac aneurysm. Occasionally the fib- 
rosed wall of a healed infarct of the left ven- 
tricle may stretch to form a cardiac aneurysm. 
As with other aneurysms, laminated thrombus 
tends to form in the cavity (Fig. 15.13). 

(g) Angina pectoris. Whenever myocardial 
infarction has occurred, the adjacent myocard- 
ium, although not infarcted, is likely to be is- 
chaemic (and is presumably the source of the 
prolonged pain associated with infarction). As 
anastomotic channels dilate and enlarge, the 
blood supply to such areas of partial ischaemia 
will improve. However, in some patients angina 
pectoris dates from a myocardial infarction, 
and it is apparent that thrombosis of a major 
coronary vessel may render areas of myocard- 
ium chronically ischaemic. In some instances, 
angina is cured by myocardial infarction, pre- 
surtiably because an area of myocardium which 
was previously chronically ischaemic has been 
included in the infarct and destroyed. 

(h) Recurrence of infarction. Because ather- 
oma is generally extensive, individuals who 
have had a myocardial infarct are prone to re- 
currence. 



Fig. 15.13 Aneurysm of the left ventricle following 
ischaemic myocardial fibrosis. Much of the anterior 
wall {left) of the ventricle has been replaced by 
fibrous tissue, which has stretched to form an 
aneurysm, now largely filled with laminated 
thrombus, x 0-7. 

Other effects of ischaemic heart 
disease 

Ischaemic heart disease is the usual cause of 
sudden death. There may be a history of angina, 
previous infarction, evidence of chronic heart 
failure, or chest pain immediately before death, 
but sometimes there have been no warning 
symptoms. At necropsy, there is usually severe 
coronary atheroma, with or without old organ- 
ised thrombotic occlusions. In approximately 
half of these cases, there is a recent occlusive 
thrombus or a ruptured atheromatous plaque 
which has apparently caused death before there 
has been time for the morphological changes of 
infarction to develop. The occasional un- 
expected deaths which have occurred during 
ECG recording suggest that ventricular fibrilla- 
tion is the usual cause. 

Ischaemic heart disease is also the most im- 
portant cause of chronic heart failure and of 
cardiac arrhythmias, whether or not there has 
been previous myocardial infarction. 
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Non-inflammatory, Non-ischaemic Disorders of the 
Myocardium 


Fatty change of the myocardium (p. 24) is an 
expression of impaired metabolism of the heart 
muscle most frequently seen in severe pro- 
longed anaemia. Adiposity of the heart is a de- 
position of fat in the epicardium which extends 
between cardiac muscle fibres (Fig. 2.19, p. 28). 
It affects the right ventricle especially and is 
usually, but not always, associated with general' 
obesity. Very rarely cardiac function is im- 
paired by this deposition of adipose tissue. 
Brown atrophy (p. 39) is not related to the 
occurrence of cardiac failure. Primary amyloid 
disease (p. 272) commonly affects the heart and 
is a rare cause of cardiac failure. The clinical 
picture may be similar to that of restrictive car- 
diomyopathy, and diagnosis may be difficult 
both clinically and at necropsy unless the pos- 
sibility of amyloidosis is kept in mind. Seg- 
mentation and fragmentation of the myocardium 
indicate conditions in which the heart muscle 
cells either separate from one another at the 
intercalated discs or show irregular tearing. 
These changes have been observed in cases of 
violent death. It is supposed that they result 
from irregular contraction at the time of death. 

Cardiomyopathy 

Cardiomyopathy is a convenient term for the 
classification of a heterogeneous group of chro- 
nic myocardial disorders which are not due to 
ischaemia, hypertension, valve disease or 
shunts, and appear non-inflammatory. Inclu- 
sion of ischaemic myocardial disease and vari- 
ous forms of myocarditis has also been pro- 
posed, but the term would then apply to nearly 
all myocardial lesions and would be of little 
value. 

The four generally accepted types of car- 
diomyopathy are as follows. 

1. Hypertrophic cardiomyopathy with or with- 
out obstruction. In this condition there is 
asymmetrical hypertrophy of the left ventricle, 
and especially of the septum. Function is 
affected by (a) undue rigidity of the left ven- 
tricle, which interferes with diastolic filling, and 
(b) in many, but hot all cases, the bulging, 
hypertrophied septum obstructs the outflow 


of the left, and less commonly the right, ven- 
tricle. 

Clinically, the condition presents from early 
childhood to old age, usually as heart failure or 
atypical angina: it also causes sudden death. It 
is often familial and has been detected (by echo 
cardiography) in some apparently healthy 
relatives, inheritance apparently being de- 
termined by a Mendelian dominant factor. 
Microscopy shows interstitial fibrosis, areas of 
disordered, whorled arrangement of muscle 
fibres and very marked thickening of the indivi- 
dual fibres, with enlarged, pleomorphic nuclei 
and increased glycogen content. These features 
are useful in diagnostic biopsy. The nature of 
the basic abnormality is unknown and current 
views are largely speculative. 

2. Congestive cardiomyopathy. This consists 
of congestive heart failure which is not due to 
any of the known causes, and is thus diagnosed 
by exclusion. At necropsy all the chambers are 
dilated, the myocardium is pale and unduly 
flabby, and there is often ventricular mural 
thrombus and endocardial thickening. Micro- 
scopy may show gross hypertrophy of some 
fibres, with conspicuous nuclear enlargement, 
and atrophy of others. There may also be inter- 
stitial fibrosis. These changes are not diagnostic. 

Congestive cardiomyopathy sometimes 
shows a familial tendency, and may be asso- 
ciated with alcoholism or follow childbirth, but 
the causation is entirely unknown and it occurs 
from childhood to old age. Congestive failure is 
a complication of various other conditions, e.g. 
dystrophy of the skeletal muscles, Friedreich’s 
ataxia, glycogen disease of the Pompe type, 
beri-beri and acromegaly. Such cases are some- 
times included as congestive cardiomyopathy 
but the cause, if known, should be specified. 

3. Restrictive cardiomyopathy is also known 
as endomyocardial fibro-elastosis. It is a rare 
disorder, mainly of infants, characterised by a 
thick smooth layer of collagenous and elastic 
tissue between the endocardium and the myo- 
cardium. Involvement of the left ventricle, which 
may be hypertrophied, is most common. Cases 
have been attributed to fetal endocarditis, to 
anoxia due to origin of the left coronary artery 



from the pulmonary trunk, and to hypoplasia 
of the left ventricle associated with premature 
closure of the foramen ovale. Although not 
really a disease of the myocardium, it is a cause 
of heart failure of cryptic origin, and so is 
grouped with the cardiomyopathies. 

Amyloid disease of the heart can cause a re- 
strictive cardiomyopathy in adults. 

4* Obliterative cardiomyopathy (endomyo- 
cardial fibrosis) is of unknown cause and 
found mainly in tropical Africa where it is one 
of the common forms of left or total heart fail- 
ure. It occurs in many other parts of the world. 
In the absence of significantly narrowed cor- 
onary arteries there is dense fibrosis of the 
endocardium affecting usually the apex and 


Inflammatory lesions of the heart 409 

posterior walls of one or both ventricles. Some- 
times the fibrosis partially obliterates the ven- 
tricular cavity and, by enveloping the posterior 
papillary muscles and chordae tendineae, dis- 
torts the posterior cusps of the mitral and tricus- 
pid valves with resulting incompetence. Mural 
thrombus overlying the fibrotic endocardium is 
common though embolism seldom occurs. The 
fibrosis is dense and acellular on the surface 
but more loose with some inflammatory reac- 
tion in the deeper layers. Fibrous tissue bands 
may spread through the inner third of the myo- 
cardial wall and there may be atrophy of myo- 
cardial fibres with loss of sarcoplasm. Bacterial 
endocarditis is recorded in about 10 per cent of 
fatal cases. 


Inflammatory Lesions of the Heart 


Myocarditis 

The term myocarditis is used loosely to cover 
various lesions of diverse nature, some of which 
are due to bacterial and viral infections, others 
to the effects of bacterial toxins. Rheumatic 
myocarditis appears to be a hypersensitivity 
reaction to streptococcal antigens. The subject is 
difficult because of the impossibility of con- 
firming myocarditis in suspected cases which re- 
cover, and the poor correlation between patho- 
logical lesions in the myocardium and clinical 
evidence of heart disease. The possibility of ser- 
ious metabolic disorder with no histological 
change in the myocardium, and the difficulty of 
interpreting the results of bacteriological cul- 
tures of necropsy material, further complicate 
the subject. 

In fatal cases of acute myocarditis, the heart 
is flabby, usually pale, the ventricles are dilated 
and there may be mural thrombosis. 

Toxic myocarditis is a major feature of diph- 
theria. Similar appearances, presumed to be 
toxic in origin, may be seen in pneumococcal 
pneumonia, typhoid fever, septicaemia and 
other extensive septic conditions. 

Morphological changes. The gross changes, 
mentioned above, are not diagnostic. Micro- 
scopically there is a parenchymatous lesion 
with numerous small foci of coagulative nec- 
rosis in the muscle. The affected fibres appear 


swollen and glassy, with loss of striations and 
nuclei, and around them there is infiltration, 
mostly of macrophages and lymphocytes, but 
polymorphs also may be present. The necrotic 
fibres afterwards undergo absorption (Fig. 7.1, 
p. 178), while the supporting cells in the areas 
of infiltration proliferate, and small fibrous 
patches ultimately result. The nature of the in- 
fection cannot be deduced from the appear- 
ances of the cardiac lesions. In some cases of 
toxic myocarditis due to diphtheria, the con- 
ducting system is severely affected (Fig. 15.14), 
with resultant heart block. 

Clinically toxic myocarditis is recognised by 
the onset of cardiac arrhythmia or acute car- 
diac failure in a patient with diphtheria, pneu- 
monia or other toxic infection. It may cause 
sudden death. Peripheral circulatory failure 
may also be present in severe cases. 

Suppurative myocarditis is due to direct ex- 
tension of pyogenic organisms from an adja- 
cent valve in bacterial endocarditis, or to infec- 
tion by the bloodstream. The myocardium is a 
common site of multiple abscess formation in 
septicaemia or pyaemia, particularly when due 
to Staph, aureus. In pyaemia, the abscesses 
have the usual haemorrhagic margin, and their 
presence is suggested at necropsy by small epi- 
cardial haemorrhages, incision of which may 
reveal underlying abscesses. Septic emboli may- 
be found in coronary branches (Fig. 15.15). 
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Fig. 15.14 Necrosis of the fibres of the left bundle 
branch, with an inflammatory reaction, in a fatal 
case of diphtheria, x 225. (Professor A. C. Lendrum.) 



Fig. 15.15 Septic embolus in coronary artery in 
acute infective endocarditis, x 36. 


Involvement of the myocardium in acute in- 
fective endocarditis is described on p. 423. 

Virus myocarditis. Coxsackie viruses of 
Groups A and B cause myocarditis and peri- 
carditis: men are most often affected but out- 
breaks in infant nurseries have been described. 
The myocardium shows widespread damage of 
the muscle fibres with abundant macrophages, 
lymphocytes, plasma cells and eosinophils in 
the interstitial tissue (Fig. 15.16). 

Isolated myocarditis. Various forms of sub- 
acute and chronic myocarditis without con- 



Fig. 15.16 Myocarditis due to Coxsackie B virus 
from a child of 1 1 months. The field illustrates the 
extensive focal infiltration with macrophages, lym- 
phocytes, etc. x 320. (Dr. J. F. Boyd.) 

comitant endocarditis or pericarditis have been 
described, and although the appearances re- 
semble those in Coxsackie infection in the new- 
born, nothing is known of their causes or rela- 
tionships. In one variety, known as interstitial or 
Fiedler’s myocarditis, the heart is dilated and 
hypertrophied and mural thrombi are common. 
Yellowish-white foci of necrosis may be visible 
and microscopically these show conspicuous in- 
filtration of the interstitial tissue around the 
necrotic muscle fibres with macrophages, lym- 
phocytes, plasma cells, eosinophils and also 
multinucleated giant cells apparently derived 
from the damaged muscle fibres. Figure 15.17 
is from a boy aged 14 who characteristically 
died suddenly after a brief illness. 

Clinically the disease presents with cardiac 
arrhythmias, chest pain and embolic pheno- 
mena, progressing in a few weeks or months to 
cardiac failure without obvious cause. 

Sarcoidosis may involve the heart, granulo- 
mas developing in the myocardium. The endo- 
cardium and pericardium are not usually in- 
volved. 

Syphilis was formerly a frequent cause of 
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Fig. 15.17 Acute interstitial myocarditis. The heart 
muscle fibres are replaced by a granulomatous reac- 
tion, in which there are many giant cells derived 
from the muscle fibres, x 85. (Professor Sir Tom 
Symington.) 


serious heart disease. It may affect the heart 
in four ways. Incompetence of the aortic valve is 
the commonest form and is due to stretching of 
the valve ring as a result of its involvement in 
syphilitic mesaortitis. Because they do not 
meet, the cusps lose their mutual support 
during diastole and so become elongated and 
tend to sag (Fig. 15.18). The effects on the 
chambers of the heart are similar to those re- 
sulting from any other variety of aortic in- 
competence (see p. 419). 

Myocardial ischaemia may follow narrowing 
of the orifices of the coronary arteries by inti- 
mal fibrous plaques formed over areas of mes- 
aortitis or by cicatricial contraction of healing 
lesions. Angina pectoris, myocardial infarction 
and sudden death are, however, very rarely 
due to syphilis nowadays. 

Gumma of the heart is very rare. It may in- 
volve the conducting system and cause heart- 
block. In congenital syphilis, there may be 
miliary gummas (Fig. 15.19) or interstitial fib- 
rosis of the myocardium. 


L 



Fig. 15.18 Syphilitic aortitis, affecting the origin of 
the aorta. Stretching of the aortic ring has resulted in 
sagging and thickening of the cusps: dilatation and 
hypertrophy of the left ventricle are secondary to 
aortic incompetence, x 0-5. 



Fig. 15.19 A miliary gumma in the myocardium of 
a child with congenital syphilis. There is a patch of 
necrosis adjacent to a small thrombosed artery, and 
the usual surrounding infiltrate of lymphocytes, 
plasma cells and macrophages, x 300. (The late Pro- 
fessor J. W. S. Blacklock.) 
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Rheumatic heart disease 


Acute rheumatic fever 

This is an acute febrile illness in which lesions 
occur in the heart, the joints and the subcuta- 
neous tissue. It follows an attack of streptococ- 
cal pharyngitis and occurs mainly in children 
and young adults. Its incidence has fallen 
greatly in developed countries as a result of 
improved living conditions and use of anti- 
biotics, but it is common in some tropical 
countries, including parts of Africa and India. 

The function of the myocardium is seriously 
affected in the acute illness, but recovery of the 
myocardium is usually complete and any re- 
sidual effects are due to damage to the heart 
valves, which may become permanently de- 
formed with consequent increase in the work- 
load of the heart and eventually chronic heart 
failure. Rheumatic fever shows a marked ten- 
dency to recur with subsequent attacks of 
pharyngitis, and increasingly severe valvular 
disease may result. 

Changes in the heart 

Most patients recover from acute rheumatic 
fever but occasionally it causes death from 
acute myocardial failure. This is sometimes 
precipitated by the additional load of acute 
pericarditis on the weakened myocardium, par- 
ticularly if there is much pericardial effusion. 

The pericarditis is exudative, with effusion of 
fluid and deposition of fibrin on both visceral 
and parietal layers: the surfaces have a rough- 
ened appearance (Fig. 3.21, p. 66) which has 
been likened to that produced by pulling apart 
two pieces of buttered bread. Unless very 
scanty, the fibrin is subsequently removed by 
organisation, which results in fibrous thicken- 
ing of the pericardium and often adhesion be- 
tween the two layers with partial or complete 
obliteration of the sac. 

In fatal acute cases, the myocardium is flabby 
and the ventricles, particularly the left, are 
dilated. Apart from this, there are no obvious 
naked-eye myocardial changes, but sometimes 
tiny pale foci may be just visible: these are the 
Aschoff bodies which are pathognomonic of 
rheumatic carditis. They are scattered through- 
out the myocardium (Fig. 15.20), being par- 



Fig. 15.20 Rheumatic myocarditis 
acute stage, showing several Aschoff' bodkT’x 2f 

uku'? St ^’ showing fibrosis around the f 
choff bodies (Masson’s trichrome stain- As ‘ 
appears dark), x 48. an ' colla gen 

ticularly numerous in the left atrium and 
tncle. The Aschoff body appears to be centred 
on the strands of connective tissue which run 
through the myocardium, and microscom, 
veals a focus of eosinophilic hyaline ch * Py ^ 
collagen fibres, surrojded byT^g " 
lymphocytes macrophages, occasional noh 
morphs, and arger cells with two or three 
nuclei or a single convoluted nuclei,, £ 
15.21). In toe, the Aschoff bod^Se^ 
“ n f «?“». hbrosis, leaving ahS 

^ s s. 8,n ‘ hecMnectivetissi '>fS: 

Although the function of the mvocardinn, ; 
seriously impaired in rheumatic fever, 
myocardial changes in fatal cases are neithS 
characteristic nor impressive. There is tome 







Rheumatic heart disease 413 



Fig. 15.21 Aschoff body in the myocardium of a 
child who died of heart failure during an attack of 
acute rheumatic fever. Central hyaline material is 
surrounded by macrophages, some with large or 
multiple nuclei, and by lymphocytes, etc. x 220. 

inflammatory oedema and a slight scattering 
of lymphocytes and occasional polymorphs. 
The functional disturbance appears to be due 
to an immunological reaction (see below). 

The endocardium (like the myocardium) 
shows diffuse inflammatory oedema and light 
cellular infiltration. Aschoff bodies also de- 


velop in the endocardium and are particularly 
numerous in the posterior wall of the left 
atrium just above the insertion of the posterior 
mitral cusp (McCallum’s area); their healing 
may result in thickening and irregularity of the 
endocardium in this area. In the acute fever, 
however, the most prominent endocardial 
lesion is seen on the heart valves and consists of 
small thrombotic vegetations, forming an inter- 
rupted or continuous line of fine grey-pink 
nodular deposits on the surface of the valve 
cusps. The vegetations consist at first mainly of 
platelets, on which fibrin is later deposited (Fig. 
9.14, p. 237). They form on that part of each 
valve cusp which comes into contact with the 
opposing cusp when the valves close, and are 
thus seen near the free margins of the cusps, on 
the atrial surface of the mitral (Fig. 1 5.22) and 
the ventricular surface of the aortic valve. 
Vegetations develop most commonly on both 
these valves, but quite often on the mitral valve 
alone and less commonly on the aortic valve 
alone. The tricuspid also is occasionally 
affected, but very rarely the pulmonary valve. 

Microscopically, the vegetations appear 
eosinophilic and refractile (Fig. 15.23): the 
underlying tissue of the cusp shows 
inflammatory oedema, superficial ulceration, 
infiltration with lymphocytes, plasma cells, 
macrophages and polymorphs and prolifera- 
tion of fibroblasts. In their inflamed oedemat- 
ous condition, the impact of closure and 



Fig. 15.22 Mitral valve in acute rheumatic endocarditis, showing the small vegetations which form along 
the line of apposition of the cusps, x 2. 
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Fig. 15.23 Section of the mitral valve in acute rheu- 
matic endocarditis. The cusp shows inflammatory 
oedema (a) and cellular infiltration, and appears to 
be vascularised. Where the cusps meet, the oedemat- 
ous tissue has ulcerated and platelets have been de- 
posited on the ulcerated surface to form the early 
vegetation (b). Subsequently, fibrin also is deposited 
(see also Fig. 9.14, p. 237). x 80. (Professor A. C. 
Lendrum.) 

mutual pressure during the closed state ap- 
pears to injure the cusps sufficiently to result in 
loss of endothelium and damage to the 
underlying connective tissue: in consequence, 
platelets and fibrin are deposited on the injured 
surface. The vegetations do not seriously 
impair valvular function at this stage, although 
they tend to glue together the margins of adja- 
cent cusps close to the commissures. They are 
firmly adherent to the cusps and do not pro- 
duce emboli. Vegetations may form also on the 
chordae tendineae, particularly of the mitral 
valve, and in McCallum’s area of the left 
atrium. The tissue at the base of the mitral and 
aortic valve cusps is often infiltrated heavily 
with lymphocytes, macrophages, etc., but with- 
out the focal arrangement of the Aschoff body. 

These changes are followed by vascularisa- 
tion of the (normally almost avascular) cusps 
of the affected valves. Blood vessels around the 
base extend up into the cusps towards the free 
margin, and the vegetations are removed by the 
process of organisation, resulting in fibrous 
thickening and adherence of the cusps near the 
free margin. Vascularisation is also accom- 


panied by more general fibrosis, so that the 
cusps are irregularly thickened and distorted. 
Fibrosis occurs also in the papillary muscles 
and chordae: the latter become thicker and 
shorter and sometimes bound together by fib- 
rous tissue resulting from organisation of vege- 
tations on them. With recurrent attacks, the 
acute changes are superimposed on the 
damaged tissues and distortion of the valves, 
described more fully on p. 417, becomes pro- 
gressively more severe. 

Micro-organisms are not detected in the 
heart in rheumatic fever. 

Changes in other tissues 

In patients dying of acute rheumatic fever, the 
lungs are congested, heavy, and feel firm and 
rubbery. Microscopy shows acute congestion, 
accumulation of oedema fluid containing some 
macrophages and desquamated pneumocytes, 
and lining of the alveolar ducts by a dense layer 
of fibrin (‘hyaline-membrane disease’, Fig. 
15.24). These changes were formerly regarded 



Fig. 15.24 The lung in a case of cardiac failure 
due to acute rheumatic myocarditis. The lung shows 
hyaline membranes lining alveolar ducts and mono- 
nuclear cells in the alveolar walls and lying free in 
the alveoli, x 220. 
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as a specific rheumatic pneumonia, but they 
appear to result from fairly acute left ven- 
tricular failure and are sometimes seen when 
this occurs from causes other than rheumatic 
fever. The joints show mild i nflam matory 
changes in the synovium with cellular infiltrates 
resembling Aschoff bodies but more diffuse; 
the tendons and their sheaths may show similar 
changes. 

In some cases, subcutaneous nodules develop 
over bony prominences of the arms and legs, 
the commonest sites being the extensor surface 
of the elbow and overlying the ulna. The 
nodules are usually between 1 and 2 cm in dia- 
meter, painless, and consist of a patch of eos- 
inophilic hyaline swelling of collagen sur- 
rounded by a granulomatous reaction in which 
the cells are mainly lymphocytes, plasma cells, 
macrophages and fibroblasts. In both the sub- 
cutaneous nodule and Aschoff body, the hya- 
line change in collagen appears to be due to 
permeation by plasma proteins exuded from 
the small vessels. Various erythematous skin 
rashes may occur, the commonest being ery- 
thema marginatum, and in some cases there 
may be a mild encephalitis. 

Clinical features 

Rheumatic fever develops usually 2 to 4 weeks 
after a streptococcal sore throat. Symptoms 
may be mild, but there is usually fever, tachy- 
cardia, malaise and arthralgia flitting from 
joint to joint; the affected joints are sometimes 
swollen. The subsequent course depends on the 
degree of cardiac involvement: the most serious 
effect at this stage is on the myocardium, and 
various degrees of acute heart failure are 
observed. Signs of acute pericarditis usually 
appear later in the acute illness, and the val- 
vular lesions are undetectable at this stage, al- 
though there may be evidence of secondary 
mitral incompetence due to dilatation of the 
left ventricle, or valvular abnormalities resulting 
from previous attacks. Involuntary movements 
(chorea) attributable to involvement of the 
brain may occur during or apart from the acute 
illness, as may the skin rashes and subcuta- 
neous nodules. 

There is no specific test for rheumatic fever. 
A raised erythrocyte sedimentation rate, an- 
aemia, slight leukocytosis and high titres of 
streptococcal antibodies are usually present. C- 


reactive protein, one of the so-called ‘acute- 
phase reactants’, appears in the serum at an 
early stage but is found in many other acute 
illnesses. 

Subclinical rheumatic fever 

In some patients with a clinical history of rheu- 
matic fever, valve lesions develop after many 
subsequent years of apparent good health. Ex- 
amination of atrial material obtained at opera- 
tion for chronic valvular disease reveals florid 
sub-endocardial Aschoff bodies in about 50 per 
cent of such cases under 50 years old, and since 
the Aschoff body is regarded as an indication 
of active rheumatism, it is clear that the disease 
can smoulder on subclinically for many years. 
In some cases, there is no history of an illness 
suggestive of acute rheumatic fever. 

Aetiology. Most attacks of rheumatic fever 
occur 2 to 4 weeks after infection of the throat 
by ^-haemolytic streptococci of Lancefield 
group A. There is no doubt that such throat 
infection is a major aetiological factor since 
prolonged administration of penicillin to pati- 
ents who have had an attack of rheumatic fever 
greatly reduces the incidence of further attacks 
of this notably recurrent disease. Presumably 
the high incidence of rheumatic fever in the 
economically poor is due to increased likeli- 
hood of streptococcal infection. 

It is far from clear how preceding infection 
of the throat leads to the cardiac and other les- 
ions of rheumatic fever. The 2 to 4 weeks’ delay 
in onset speaks against a direct infection of the 
heart, etc., or a direct effect of exotoxin. Strep- 
tococci have not been demonstrated convinc- 
ingly in the cardiac lesions, and the failure of 
antibiotics to prevent the disease when first 
administered during the interval between the 
sore throat and the onset of rheumatic fever is 
not in keeping with simple spread of infection. 

There is strong evidence that the disease has 
an immunological basis. Compared with those 
who make an uncomplicated recovery from 
streptococcal sore throat, patients who develop 
rheumatic fever have unusually high antibody 
levels against various streptococcal antigens, 
including antistreptolysin O (ASO) titre, which 
is widely used as a diagnostic aid. It is of par- 
ticular interest that Kaplan (1961) has shown 
that certain antigens are shared by some types 
of group A streptococci and by myocardial 
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fibres. The serum of many patients contains 
auto-antibodies which react in vitro with 
myocardial fibres and in fatal cases im- 
munoglobulin and reaction-products of com- 
plement have been shown to be bound to the 
surface of the myocardial cells. It thus appears 
that throat infection by streptococci leads, in 
certain susceptible individuals, to strong im- 
munity against various streptococcal antigens; 
the response includes the production of anti- 
bodies which cross-react with myocardial cells, 
resulting in activation of complement and con- 
sequently a cytotoxic effect on the myocar- 
dium. The full explanation is, however, likely 
to be more complex, for rheumatic fever may 
follow infection by streptococci which do not 
appear to contain the shared antigens; nor 
does auto-antibody to myocardium explain the 
Aschoff body, which does not contain fixed 
immunoglobulin and is widely regarded as a 
lesion of connective tissue rather than of myo- 
cardial fibres. The pericarditis and endocarditis 
are also unexplained and it is also not known 
why streptococcal infections of the skin and 
elsewhere are not followed by rheumatic fever. 
Furthermore some unexplained factor must 
render the cardiac tissues abnormally perme- 
able to permit the union of antibody and com- 
plement with cardiac muscle sarcoplasm, for 
antibody to myocardium induced experiment- 
ally in animals does not become bound to the 
myocardium in vivo. 

Chronic rheumatic heart disease 

Chronic rheumatic heart disease is a co mm on 
sequel to acute rheumatic fever and is char- 
acterised mainly by chronic endocarditis in 
which overgrowth of connective tissue and 
irregular shrinkage leads to valvular deformities. 
Compensatory dilatation and hypertrophy of the 
chambers are found, depending on the nature of 
the valvular lesions. In many cases Aschoff 
bodies are present together with minute foci of 
myocardial fibrosis representing healed Aschoff 
bodies. Pericardial adhesions are common but 


these impede cardiac action only when the fibrous 
thickening is unusually severe and especially 
when the pericardium is adherent to other 
mediastinal structures. 

Pathogenesis of lesions. The lesions result 
from the healing of acute rheumatic endocarditis 
and fibrosis may occur in all the sites previously 
inflamed in the acute stage. Thus the valves 
affected are the mitral, aortic and tricuspid in 
that order of frequency, and the chordae ten- 
dineae are much thickened and shortened. 
Fusion of the cusps along their contiguous 
edges by organisation of vegetations and fib- 
rosis leads to permanent stenosis of the valves. 
The chronic inflammatory process leads to 
thickening and retraction of the valve cusps 
which prevents efficient closure and valvular 
incompetence thus results. Both effects are fre- 
quently present. 

Effects 

(1) Cardiac failure is common, mainly as a 
result of the mechanical problems created by 
stenosed and incompetent valves. These are 
considered in detail below. 

(2) Thrombi frequently form in the atrial 
appendages, especially in patients with mitral 
or tricuspid stenosis and atrial fibrillation, and 
may cause emboli in the lungs and systemic 
arteries, e.g. in the brain, with serious conse- 
quences. A rare occurrence is the formation in 
the left atrium of a so-called ball thrombus 
which lies free in the cavity and which may 
reach several centimetres in diameter. 

(3) Angina pectoris occurs when the cardiac 
output is so reduced that coronary blood flow 
to the hypertrophied myocardium is in- 
adequate. 

(4) Cardiac arrhythmias, especially atrial fib- 
rillation, are a common consequence and may 
be due to myocardial and subendocardial scar 
tissue. 

(5) Infective endocarditis is particularly prone 
to develop, on valves even slightly damaged by 
rheumatic fever. 
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capillary pressure to levels which produce pul- 
monary oedema. 

In patients with mitral stenosis and tricuspid 
incompetence, any severe rise of pulmonary 
arterial pressure is prevented by regurgitation 
into the easily distensible systemic venous 
system via the right side of the heart; this has 
the effect of decompressing the pulmonary cir- 
cuit and bringing on right heart failure (p. 398), 
which is the common mode of death in mitral 
stenosis. 

The venous congestion of the lungs in mitral 
stenosis cannot be alleviated by any com- 
pensatory process. The changes (p. 230) often 
cause slight haemoptysis, to be distinguished 
from the more severe haemoptysis which results 
from pulmonary infarction when the heart is 
failing. The changes in the pulmonary vessels 
due to pulmonary hypertension, and the factors 
involved in pulmonary oedema, are dealt with 
on pp. 451-7. 

In mitral stenosis the heart comes to have a 
quadrangular form, but its weight is not greatly 
increased. There is usually a distinct presystolic 
murmur over the precordium and sometimes a 
palpable thrill during atrial systole. 

Mitral incompetence 

Competence of the mitral valve depends on a 
complexity of factors, including the size and 
flexibility of the annulus and cusps, and the 
state of the chordae tendineae, papillary 
muscles and left ventricle. In consequence, the 
diagnosis of incompetence at necropsy is far 
more difficult than that of mitral stenosis. 

Causes. Mitral incompetence results from the 
following. 

1. Rheumatic endocarditis, where it is due to 
retraction of the cusps and shortening of the 
chordae tendineae. Pure incompetence from 
this cause is now quite rare; combined stenosis 
and incompetence is more common, and is 
sometimes a result of the surgical treatment of 
mitral stenosis. 

2. Myocardial ischaemia. Mitral incompe- 
tence from this cause is now relatively 
common. It may develop suddenly and in 
severe form from rupture of papillary muscles 
involved in myocardial infarction, or insidi- 
ously from ischaemic fibrosis of the papillary 
muscles. 

3. Myxoid degeneration of the cusps, causing 


a ‘floppy’ mitral valve, occurs usually in old- 
people. Disintegration of the collagen of the 
valve cusps, accompanied by increase in baso- 
philic ground substance (p. 275), results in 
weakness and stretching of the cusps. Minor 
degrees are common but without effect: if the 
changes are severe, the cusps are liable to pro- 
lapse during ventricular systole with conse- 
quent regurgitation of blood. 

Similar changes occur rarely in young people, 
sometimes as a complication of Marfan’s 
syndrome. 

4. Changes in the annulus. Closure of the 
mitral valve is dependent on the size and shape 
of the mitral ring during ventricular systole. 
Regurgitation due to stretching of the ring is a 
regular feature of the dilatation of the failing 
left ventricle, and occurs also in some cases of 
Marfan’s syndrome. Senile calcification of the 
ring can also cause incompetence. 

Effects. Mitral incompetence results in com- 
pensatory dilatation and hypertrophy of the 
left ventricle. From the outset, the left atrium is 
dilated and the pulmonary circulation con- 
gested. Increased work is thus thrown on the 
right ventricle, which also becomes hyper- 
trophied. The subsequent effects are similar to 
those occurring in mitral stenosis. Mitral incom- 
petence is associated with an apical murmur 
throughout, or late in, ventricular systole. 

Aortic stenosis 

Except in countries where rheumatic heart dis- 
ease is still prevalent, aortic stenosis alone is 
probably as common as isolated mitral steno- 
sis, and most cases are probably non-rheum- 
atic. The commonest form is calcific aortic ste- 
nosis without evidence of rheumatism, and 
many cases appear to result from the chronic 
fibrous thickening and calcification of a con- 
genitally bicuspid valve (Fig. 15.27), so that 
aortic stenosis develops in middle age. The con- 
dition occurs also in old age, but usually with- 
out the underlying bicuspid abnormality (Fig. 
15.28). 

Fibrosis and calcification occur in the con- 
nective tissue of the cusps, which become hard 
and rigid. Irregular calcified nodules commonly 
project from the upper surface of the thickened 
cusps. Stenosis is often very severe and, as with 
mitral stenosis, it is surprising how small an 
orifice is compatible with life. 
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Fig. 15.27 Calcific aortic stenosis arising in a con- 
genitally bicuspid valve, x 1-8. 



Fig. 15.28 ‘Senile’ calcific stenosis in an aortic 
valve without obvious predisposing abnormality, x 2. 


Turbulence of blood flow may account for 
those cases with a bicuspid aortic valve, but the 
aetiology in other cases is unknown. 

Congenital aortic stenosis usually becomes 
apparent in infancy. The valve cusps are re- 
placed by a single diaphragm-like membrane 
with a central or eccentric hole. Obstruction of 
the left ventricular outflow by a sub-valvular 
membrane is another rare abnormality. 

Effects. Pure aortic stenosis produces hyper- 
trophy of the left ventricle. When the valve is 
both stenotic and incompetent, the ventricle 


dilates and hypertrophies; the cavity becomes 
lengthened and more pointed. Later, the hyper- 
tropied muscle may fail and then dilatation is 
the prominent feature. The passage of the 
blood during systole through the narrow aortic 
orifice produces a loud ventricular systolic 
murmur audible over the base of the heart, and 
a systolic thrill. The pulse pressure is character- 
istically low, and some patients die suddenly. 

Aortic incompetence 

This results from dilatation or distortion of the 
root of the aorta, from contraction or stretch- 
ing of the cusps, or from a combination of both 
types of change. In rheumatic aortic incompe- 
tence, the cusps are thickened and contracted. 
In syphilitic aortitis, dilatation of the root of 
the aorta prevents complete closure of the valve 
cusps, and the resulting haemodynamic disturb- 
ance probably explains the stretching, thicken- 
ing and distortion of the cusps (Fig. 15.18). 
Aortic incompetence occurs in some cases of 
Marfan’s syndrome, due to weakness and 
stretching of the root of the aorta, and rarely 
to myxoid degeneration of the cusps. Another 
rare cause is the aortitis of ankylosing spon- 
dylitis: the aortic root is distorted and there is 
also damage to the cusps. Congenitally bi- 
cuspid aortic valves may also be incompetent. 

Effects. Aortic incompetence is associated, 
from the outset, with compensatory dilatation 
of the cavity of the left ventricle, accompanied 
by hypertrophy of the wall. The internal length 
of the cavity may reach 12 cm or more (normal 
8-9 cm), resulting in twice the normal capacity. 
This indicates a very gross regurgitation. Thick 
white collagenous patches often develop on the 
mural endocardium beneath the incompetent 
valve and are known as ‘jet lesions’, being at- 
tributed to forceful reflux of blood during di- 
astole. So long as the mitral valve is competent 
the effects of the aortic lesion may not extend 
backwards to the lungs and venous system. But 
as the enlargement of the left ventricle pro- 
gresses, and especially as the muscle fails, the 
muscular ring round the mitral orifice becomes 
stretched and secondary mitral incompetence 
results; the effects of the latter lesion then 
become superadded. Incompetence of the 
mitral valve from rheumatic endocarditis may 
be present as a concomitant lesion, and such a 
combination causes most striking enlargement of 




420 The heart 


the heart — the so-called cor bovinum, which may 
weigh more than a kilogram. The pulse in aortic 
incompetence is characteristic: there is a large 
systolic wave owing to the increased output by 
the left ventricle, and this is followed by a rapid 
fall. The pulse has a bounding and collapsing 
character — the so-called ‘water-hammer pulse’. 
A ventricular diastolic murmur, corresponding 
with the regurgitation, is usually audible over 
the base of the heart. There is a risk of sudden 
death in cases of aortic incompetence. 

Tricuspid valve 

Tricuspid stenosis is usually due to rheumatic 
endocarditis, and nearly always accompanied 


by mitral and aortic valve lesions. It is usually 
less severe than mitral stenosis (Fig. 15.25). 

Tricuspid incompetence, most often secon- 
dary to cardiac failure, produces enlargement 
of both right atrium and right ventricle, 
while tricuspid stenosis affects mainly the 
atrium. 

Effects of valvular lesions on right side of 
heart. Tricuspid stenosis restricts right ven- 
tricular filling and this diminishes the likeli- 
hood of developing pulmonary oedema from 
the mitral stenosis, which is almost invariably 
present. Pulmonary stenosis causes hypertrophy 
of the right ventricle. It is very rare, but occurs 
as a congenital abnormality, or in the carcinoid 
syndrome (Fig. 15.33, also p. 649). 


Infective endocarditis 


In this condition, thrombi containing micro- 
organisms form on the endocardium, usually 
on the heart valves, and cause damage to the 
valve cusps, embolic phenomena, toxaemia and 
sometimes glomerulonephritis. If untreated, it 
is virtually always fatal, but antibiotic therapy 
has greatly reduced the mortality. 

Traditionally, infective endocarditis is classi- 
fied into acute and subacute types, the latter 
being a prolonged illness due to organisms of 
relatively low virulence and the former acute 
and due to virulent pyogenic bacteria. Because 
of the differences in the clinical pictures, the 
distinction between the two conditions is still 
valid and important, but the pattern has been 
somewhat altered by the widespread use of 
antibiotics and of drugs which depress the re- 
sistance to infection. Cases now occur which 
are intermediate between the two conditions, 
and moreover the use of the latter drugs, the 
development of cardiac surgery and self- 
administration of drugs intravenously by 
addicts have resulted in cases of endocarditis 
due to a wider range of ‘opportunistic’ micro- 
organisms, including fungi. 

Aetiology 

The factors which predispose to infective 
endocarditis are the occurrence of bacteraemia, 
lesions of the heart which favour the settling 


and survival of bacteria, and depression of 
the general defences against infection. 

Bacteraemia commonly occurs transiently 
and silently following tooth extractions, tonsil- 
lectomy or even vigorous chewing in the pre- 
sence of periodontal infection. In bacterial 
endocarditis arising from such causes the bac- 
teria responsible are usually various non-hae- 
molytic streptococci, normally of low virulence, 
which colonise the mouth and were formerly 
classified as Streptococcus viridans. Bacter- 
aemia results also from operations on the 
gastro-intestinal or infected urinary tracts, or 
even from such minor urological procedures as 
catheterisation and cystoscopy, and endocar- 
ditis due to Esch. coli, enterococci, bacteroides, 
anaerobic streptococci, pseudomonas, gono- 
coccus, etc., can occasionally result. 

Obvious septic lesions, such as boils, car- 
buncles, bacterial pneumonias and infections of 
the urinary, gastro-intestinal or biliary tract, are 
associated with occult bacteraemia, septicaemia 
and pyaemia. Drug addicts who use intraven- 
ous injections are also prone to infective endo- 
carditis due to various organisms, including 
particularly Staphylococcus aureus, Staph, 
epidermidis and fungi (usually Candida or 
aspergillus). There is also a risk of bacteraemia 
from indwelling venous catheters and cardio- 
vascular surgery. 

Predisposing cardiac lesions. Permanent 
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structural abnormalities of the valves of the 
heart predispose to infective endocarditis. 
Rheumatic and syphilitic valvular disease were 
formerly common precursors, but their inci- 
dence has declined in many countries, and con- 
genital defects, such as bicuspid aortic valve 
have become relatively important, as also 
have calcific aortic stenosis and minor degrees 
of fibrous thickening and distortion of the 
valve cusps of uncertain aetiology. 

It is likely that distorted valves are subject to 
recurrent minor trauma with loss of endo- 
thelium and that circulating bacteria stick to 
platelets and fibrin deposited on such lesions 
and become incorporated into small mural 
thrombi. It had been shown experimentally that 
when minor vascular lesions are caused by abra- 
sion of the endothelium, intravenously-injected 
bacteria settle and persist in the small thrombi 
forming on such lesions. It appears that 
thrombi protect bacteria from the host’s de- 
fence mechanisms, for in subacute infective 
endocarditis the micro-organisms survive and 
multiply in spite of the presence of antibodies 
capable of destroying any which escape into the 
bloodstream. 

Infective endocarditis tends to develop in 
endocardial abnormalities at sites where the 
flow of blood is rapid: in addition to the heart 
valves, it develops also on the walls of inter- 
ventricular septal defects, and the only common 
site in the atria is on the posterior wall of the 
left atrium in cases of mitral incompetence, 
where a jet of blood from the leaking valve 
impinges during ventricular systole. Similarly, 
it may develop on the chordae and papillary 
muscles of a stenotic mitral valve and on the 
interventricular septum below an incompetent 
aortic valve. In these instances, it is likely that 
continuous minor physical trauma of the 
endothelium and consequent platelet deposi- 
tion is caused where a rapid jet of blood strikes 
the endocardial surface. Infected thrombi sim- 
ilar to those of bacterial endocarditis occur also 
in the aorta above a stenotic aortic valve, in 
patent ductus arteriosus and in coarctation of 
the aorta, and it may be that localisation of 
bacteria depends on the recurrent deposition of 
platelets over a long period, sooner or later 
providing opportunity for colonisation by bac- 
teria which have gained entrance to the blood- 
stream. 

It should be added that in approximately 50 


per cent of cases of infective endocarditis of the 
heart valves no predisposing local lesion can 
be detected, and this is particularly common in 
cases caused by Staph, aureus and other highly 
pathogenic bacteria. 

Impaired defence mechanisms. Cytotoxic 
drugs used in the treatment of patients with 
cancer, renal transplant recipients, etc., result 
in depression of immune responsiveness and of 
production of polymorphs and monocytes, and 
thus predispose to infections of various sorts. 
Such therapy increases the risk of infective 
endocarditis, and the range of micro-organisms 
responsible includes opportunistic pathogens 
which are normally of low virulence, as well as 
virulent bacteria. Such therapy also alters the 
course of infective endocarditis, which tends to 
progress rapidly, even when organisms of low 
virulence are responsible. 

Subacute infective endocarditis 

This is usually caused by organisms of re- 
latively low virulence, the most common being 
non-haemolytic streptococci from the mouth 
(see above), Staph, epidermidis, enterococci, 
Haemophilus influenzae, Esch. coli, fungi and 
Coxiella burneti. Periodontal infection is the 
commonest source of the bacteraemia, but in 
many cases the portal of entry is not apparent. 
In well over half the cases there is a preceding 
valvular abnormality. The condition was for- 
merly seen most commonly in children and 
young adults with chronic rheumatic valvular 
disease, but the age incidence in developed 
countries has risen and the mean age is now 
approximately 50 years. 

Naked-eye appearances. The affected valve(s) 
may show evidence of chronic rheumatic endo- 
carditis or other acquired or congenital abnor- 
mality. The vegetations are much larger, softer 
and more crumbling than those in rheumatic 
fever (Fig. 15.29). In post-rheumatic cases the 
mitral valve alone, or both the mitral and 
aortic valves, are usually involved: the aortic 
valve alone is involved in about 10 per cent of 
cases. The vegetations tend to spread on the 
endocardial surface and very frequently de- 
velop on McCallum’s area in the left atrium, 
which frequently is the site of previous rheum- 
atic lesions (Fig. 15.29). The lesions are not so 
rapidly destructive as in acute infective endo- 
carditis (see below), but nevertheless cause 
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Fig. 15.29 Infective endocarditis of the mitrai 
valve. The vegetations on the valve cusps are much 
larger than those in rheumatic endocarditis (cf. Fig. 
15.22). In this instance, vegetations have formed also 
on the posterior wall of the left atrium, x 0 8. 

gross valvular injury leading eventually to 
heart failure. Fragments of the vegetations also 
break away and produce embolic lesions. 

Other organs. The skin often has a brownish 
colour and clubbing of the fingers is usual. 
Large emboli cause infarction in various 
organs, including the brain, kidneys, spleen and 
intestine. The emboli seldom cause suppurating 
infarcts, probably owing to the high titres of 
antibodies which develop in the blood in the 
course of the prolonged infection. Petechiae 
found in the skin, beneath the nails and in the 
conjunctiva and retina, may be due to em- 
bolism (Fig. 15.30). The renal complications 
are described on p. 831. They include focal glo- 
merulonephritis, which is common in cases of 
some months duration and is responsible for 
haematuria, and also diffuse glomerulonephritis 
which may bring about renal failure. As a rule 
the spleen is enlarged, sometimes markedly so. 

Microscopic appearances. The vegetations 
consist mostly of fibrin and platelets and con- 
tain colonies of bacteria (Fig. 15.31). Poly- 
morphs are usually scanty. The underlying cusp 
may be vascularised: it is oedematous, often 
infiltrated with polymorphs and macrophages, 
and there are usually foci of necrosis. 

The myocardium, though grossly normal, 
often shows microscopic areas of infarction 
and inflammation, due to small coronary 
emboli. 



Fig. 15.30 Section through haemorrhagic spot in 
dermis in subacute infective endocarditis. Note small 
thrombosed and degenerate artenole surrounded by 
leukocytes — the result of infective embolism, x 

Clinical features. Early diagnosis of subacute 
infective endocarditis is very important because 
antibiotic therapy has reduced the mortally 
from virtually 100 per cent to about 30 pe 
cent. The longer it continues, the greater the 
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valve injury and the danger of embolic effects, 
etc. An irregular fever, with splenomegaly and 
haematuria (often only microscopic) are us- 
ually present. There may be evidence of previ- 
ous valvular heart disease, and cardiac mur- 
murs which, as the vegetations grow, alter from 
week to week. Various clinical effects also arise 
from multiple emboli, including petechial hae- 
morrhages in the skin. 

Diagnosis depends on the isolation of the 
causal organism by blood culture. This is often 
difficult, perhaps because of a high level of 
serum antibody, and repeated cultures may be 
necessary. In the absence of antibiotic therapy, 
persistently negative blood cultures should 
suggest Coxiella burned endocarditis (see 
below). The decision on when to stop searching 
for bacteria and start therapy on suspicion is 
often a difficult one. 

Healing of the valvular lesions occurs when 
the organisms are eliminated by prolonged 
antibiotic therapy. The vegetations are 
removed by organisation and, depending on 
their size and distribution, and on the extent of 
valve injury, various degrees of scarring and 
distortion of the cusps result, with subsequent 
danger of heart failure. 

Coxiella burnetii endocarditis complicating Q 
fever or subclinical Coxiella infection is clini- 
cally and pathologically closely similar to sub- 
acute bacterial endocarditis. It should be sus- 
pected when blood cultures are persistently 
negative and the leucocyte count is normal. 

Acute infective endocarditis 

This progresses much more rapidly than sub- 
acute infective endocarditis. In untreated cases, 
death may occur within days from overwhelming 
infection or the valve lesions may cause fatal 
heart failure within a few weeks. In classical 
form, it is now caused most commonly by 
Staphylococcus aureus, and often arises as a 
complication of an obvious septic lesion of the 
skin or elsewhere. However, as explained 
above, it occurs also in drug addicts and vari- 
ous factors have resulted in conditions inter- 
mediate between subacute and acute infective 
endocarditis: in immunodepressed patients 
organisms of relatively low virulence, including 
fungi, can cause endocarditis of either type or 
of intermediate severity. The condition may 
supervene in patients already seriously ill with 


septicaemia, and in well over half the fatal 
cases predisposing valvular disease cannot be 
detected at necropsy. 

Pathological appearances. The vegetations 
are large and tend to break down, and the 
valve cusps may be largely covered by crumbl- 
ing masses, which consist of layers of fibrin 
containing clumps of bacteria, enclosed by a 
zone of leukocytes, macrophages and granula- 
tion tissue. The substance of the cusps may be 
extensively destroyed by suppuration (Fig. 
15.32): rupture, especially of an aortic cusp, 
may occur, leading to severe incompetence. 
Aneurysm of a cusp is common, the organisms 
causing suppuration of one side of the curtain, 
so that the thin tissue is stretched by the blood 
pressure and forms an aneurysmal bulging. The 
vegetations may spread also to the chordae ten- 
dineae, which may rupture. Infection may 
extend to the intima at the commencement of 
the aorta and an acute mycotic aneurysm may 
be formed (Fig. 15.32). The organisms may 
also pass directly into the adjacent heart wall, 
and lead to ulceration or to abscess formation. 
The valves most often affected are those on the 
left side of the heart. Involvement of the tri- 
cuspid is not uncommon, but vegetations on 
the pulmonary valve are rare. 

The lesions are more often localised to one 
part of a valve or are more irregularly disposed 



Fig. 15.32 Chronic rheumatic and superimposed 
acute bacterial endocarditis of aortic valve. The 
vegetations are large and irregular and there is severe 
damage to one of the cusps. Involvement of the root 
of the aorta has resulted in an acute aneurysm, x 0-5. 
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than in the other forms of endocarditis; for 
example, there may be massive vegetations at 
the junction of two aortic cusps, the rest of the 
valve being free. In spite of these features, in 
many cases it is not possible to distinguish be- 
tween acute and subacute infective endocarditis 
from the lesions in the heart alone. 


The clinical features are those of a severe 
acute bacterial infection often with evidence of 
pyaemia or embolic phenomena, together 
with rapidly changing heart murmurs and 
the development of heart failure. In the 
absence of antibiotics, blood cultures are usually 
positive. 


Other valvular lesions 


Non-infective thrombotic endocarditis consists of 
the formation of sterile thrombotic vegetations 
on the heart valves, usually in a patchy fashion 
along the lines of closure of the cusps of the 
mitral and aortic valves. The vegetations are 
usually smaller than those in infective endocar- 
ditis and softer, more friable and less regular 
than those in rheumatic endocarditis. They are 
composed of mixed thrombus, fragments of 
which may break off and cause systemic em- 
bolism and infarction. In most instances, this 
condition is discovered at necropsy on patients 
who have died of cancer or other wasting dis- 
eases, and it is sometimes called marantic or 
terminal endocarditis. It may be associated with 
the venous thrombosis which occurs in some 
patients with carcinoma of the pancreas or of 
other internal organs (p. 241). 

Libman-Sacks endocarditis occurs in many 
patients with systemic lupus erythematosus. 
The vegetations are sterile and are softer and 
more friable and usually larger than those of 
rheumatic endocarditis. They are also more 
widely dispersed on the cusps, usually affect the 
mitral and tricuspid valves, and may extend 
onto the adjacent mural endocardium or over 
the ventricular surface of the valve cusps (i.e. 
the surface away from the bloodstream). 

Atheroma-like degeneration of mitral valve. 
Yellowish patches of thickening and degenera- 
tion similar in structure to atheroma are fairly 
common in the mitral valve and may be 
attended by fibrosis and calcification, especially 
at the base of the cusps. The chordae tendineae 
are not affected and there is seldom any effect 
on cardiac function. 

Valvular lesions in the carcinoid syndrome. 

Patients with secondary carcinoid tumours in 
the liver may develop stenosis of the pulmonary 


and, less often, the tricuspid valve. The cusps 
show marked fibrous thickening, have a rolled 
edge and are adherent along the lines of the 
commissures. Fibrosis may extend over the 
adjacent endocardium both in the right ven- 
tricle and in the wall of the right atrium (Fig. 
15.33). Only trivial lesions are found in the 
left side of the heart, probably because of 
destruction of 5-hydroxytryptamine, etc., by 
amine oxidases in the lungs (pp. 446-7). 



Fig. 15.33 Pulmonary valve in carcinoid syndrome 
showing great fibrous thickening of the cusp and of 
the subendocardial connective tissue, x 12. 
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Disorders of the conducting system 


As indicated in preceding sections of this chap- 
ter, disturbances of cardiac rhythm commonly 
complicate various types of heart disease. 
Many of them, e.g. extrasystoles, paroxysmal 
tachycardia and atrial fibrillation, are not 
usually attributable to changes in the conduct- 
ing system. 

The most vulnerable part of the system is the 
A-V bundle and its right and left branches: 
injury may result from the various types of 
myocarditis (see Fig. 15.14, p. 410), chronic 
myocardial ischaemia or myocardial infarction, 
trauma during cardiac surgery, and invasion by 
metastatic tumours. Bundle branch fibrosis 
may also arise from unknown cause. The vari- 
ous grades of heart block can often be ex- 






■ 






1 







" -"''Km 


f® 

wL' : ‘d4. 




1 . .> “ c . wP®* . •. , * » 


Fig, 15.34 Ischaemic fibrosis of A-V node. Above , 
normal A-V node (outlined by arrows ), lying be- 
tween the endocardium and central fibrous body. 
Below , ischaemic fibrosis of A-V node from a pati- 
ent with heart block. (Professor M. J. Davies.) 


Fig. 15.35 ‘Idiopathic’ bundle branch fibrosis. 
Above , normal left bundle branch from the heart of a 
young man, consisting of groups of fibres lying be- 
tween the ventricular myocardium and endocardial 
surface. Below , almost complete loss of left bundle 
branch in a case of heart block. (Some loss of fibres 
occurs as a normal feature of ageing.) (Professor 
M. J. Davies.) 

plained by such injuries (Figs. 15.34, 15.35), 
but in some instances lesions have been sought 
in vain, while in others the finding of lesions 
has been associated with normal ECG patterns 
during life. This lack of close correlation prob- 
ably reflects the large amount of work involved 
in thorough histological examination of the 
conducting system and the difficulties which 
arise from various artefactual changes. 
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Congenital Abnormalities 


Little is known of the causation of congenital abnor- 
malities, but the part played by rubella infection of 
the mother in the first three months of pregnancy is 
well established. About 10-20 per cent of the infants 
show serious abnormalities, of which heart disease 
constitutes about 50 per cent. 

Normal development 

A high proportion of congenital abnormalities of the 
heart result from defects or variations in the forma- 
tion of the septa in the primitive heart. For details 
the student must consult a work on embryology and 
the classical studies of Maude Abbott and Helen 
Taussig, but it may be recalled that the heart at an 
early stage of development consists essentially of 
three chambers or parts, an atrial, a ventricular and 
the aortic bulb; division of each of these into two 
takes place separately. Of special importance m this 
connection is the relation of the ventricular septum 
to the division of the distal portion of the bulb into 
the beginning of the aorta and of the pulmonary 
artery. The ventricular septum grows upwards from 
the apex, with a curved margin resulting from the 
growing folds on the anterior and posterior walls, 
until ultimately there is a relatively small aperture at 
the base. The aortic bulb undergoes division into 
two nearly equal parts by the formation and fusion 
of two longitudinal folds in its wall, and the two 
vessels formed must rotate spirally in order to estab- 
lish their normal continuity with the ventricles. The 
septum of the bulb ultimately fuses with the up- 
growing ventricular septum, the last portion to close 
being represented by the membranous part of the 
septum. Important abnormalities occur in connec- 
tion with the growth of these two septa. It is to be 
borne in mind that the positions of the semilunar 
valves do not correspond exactly with the junction 
of the primitive ventricle and the aortic bulb. This is 
especially the case on the right side, where the lower 
part of the bulb becomes the upper part of the right 
ventricle or conus, and, as we shall see, this part is 
sometimes abnormally narrow. 

While some of the anomalies are incompatible 
with extra-uterine life, in many the circulatory 
dynamics are such that the patients may survive 
birth for varying periods of time. With the diagnos- 
tic methods of cardiac catheterisation and angio- 
cardiography, successful surgical cure or alleviation 
of many of the conditions can be effected. It is con- 
venient to divide the anomalies into those which 
produce cyanosis and those which do not. The cyan- 
osis is produced by admixture of a relatively large 
amount of reduced haemoglobin from the systemic 


venous blood, with the oxygenated blood leaving the 
heart, i.e. a venous-arterial shunt exists. The result- 
ing unsaturation of the arterial blood leaving the 
heart leads to compensatory rise in the red cell count, 
which makes cyanosis more prominent. Later, 
changes in the pulmonary vessels occur (p. 455) and the 
heart begins to fail. Cyanosis may then increase owing 
to impaired oxygenation of the blood by the lungs. 

Cyanotic group 

Malformations in connection with the aortic bulb — 
pulmonary and aortic stenosis. The commonest of 
these result from an unequal division of the bulb. 
Most frequently the septum is pushed to the right, so 
that the aorta is abnormally large and arises partly 
from left and partly from the right ventricle, there 
being usually also a defect in the ventricular septum. 
The result is pulmonary stenosis or obstruction, but 
the site of the narrowing varies. Sometimes the pul- 
monary artery is small, the division of the bulb being 
markedly unequal and occasionally the small pul- 
monary artery is completely obliterated. In other 
cases the narrowing is mainly at the valve, the cusps 
sometimes being partly fused to form a thickened 
diaphragm with an aperture of varying size. More 
rarely, there is a narrowing of the part of the right 
ventricle below the valve, that is, the part which is 
derived from the bulb. All these abnormalities inter- 
fere with the flow of blood into the pulmonary 
artery, and lead to a varying degree of hypertrophy 
of the right ventricle. Part of the blood from the 
right ventricle passes through the aperture in the 
interventricular septum and then into the aorta, and 
after birth the ductus arteriosus usually remains 
open and the lungs receive part of their blood supply 
through it. The foramen ovale also remains open 
and may be very large. 

The commonest anomaly of this group and one 
which is amenable to surgery is the tetrad of Fallot. 
In this there is obstruction in the outflow tract of the 
right ventricle, usually from stenosis of the pul- 
monary valve, though the obstruction may be in the 
infundibular part of the right ventricle. This results 
in right ventricular hypertrophy and the pressure in 
this chamber is raised so that some of the reduced 
blood in the chamber is shunted through a high 
interventricular septal defect into the aorta, which, 
in addition to receiving the oxygenated blood from 
the left ventricle, partially overrides the septal defect 
and is thus in communication with the cavity of the 
right ventricle. All degrees of severity exist in the 
stenosis of the right ventricular outflow, the 
size of the septal defect and the dextraposition 
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of the aortic root. In extreme cases the pul- 
monary orifice and artery may be atretic and 
blood reaches the lungs from the aorta through 
a patent ductus arteriosus. 

In about 25 per cent of cases of Fallot’s tetrad, 
there is a right aortic arch. 

Eisenmenger’s complex. In this there is a strong 
resemblance in the gross morphology of the heart to 
that just described, but there is no obstruction to the 
outflow from the right ventricle. The pressure gradi- 
ents across the high interventricular septal defect are 
such that little right-to-left shunting of blood, and 
hence little cyanosis, occurs at first. Later, with the 
onset of pulmonary hypertension and changes in the 
pulmonary vessels, overt cyanosis occurs, partly 
from admixture cyanosis and partly from faulty oxy- 
genation of the blood by the lungs. 

Transposition of the great vessels. A curious 
anomaly results from failure of the proximal aorta 
and pulmonary artery, formed by division of the 
aortic bulb, to undergo the rotation necessary for 
the establishment of their correct relationships with 
the ventricles. In consequence, the aorta arises from 
the right ventricle and the pulmonary artery from 
the left. While such a condition alone is in- 
compatible with extra-uterine life, it may sometimes 
be compensated, for a time, by persistence of the 
ductus arteriosus, patent foramen ovale or a defect 
of the interatrial or interventricular septum; often 
these defects are present in combination. In this con- 
dition, the chief difficulty is not the volume of blood 
reaching the lungs but the effectiveness of the mech- 
anism allowing oxygenated blood to reach the sys- 
temic circulation. Hence the greater the volume 
of the shunt, the better the admixture of arterial 
blood to venous blood and the less marked is the 
cyanosis. 

Truncus arteriosus. In this the arrangement of the 
heart and emergent arteries resembles that in elasmo- 
branch fishes in which the aorta and the pulmonary 
arteries arise from a common stem vessel. The pul- 
monary arteries may be replaced by enlarged bron- 
chial arteries. The truncus arises from both ven- 
tricles, overriding a ventricular septal defect. Some- 
times the septum may be missing so that a single 
ventricular cavity exists. Defects of the interatrial 
septum are also common. 

Single ventricle with a rudimentary outlet chamber. 
In this condition, a single ventricle provides blood to 
both the aorta and pulmonapr artery, which may 
arise separately or from a rudimentary outlet cham- 
ber. The interatrial septum may or may not develop 
normally, resulting in cor binatrium triloculare or 
cor biloculare respectively. 

Tricuspid atresia. This is associated with defective 
development of the right ventricle which in extreme 
cases is virtually absent. Blood passes from the right 
to the left atrium through a defect in the interatrial 


septum. The pulmonary artery is small, arising from 
the underdeveloped right ventricle. In some cases the 
vessel is atretic or occupies an abnormal position. 
Usually blood reaches the lungs from the aorta by a 
patent ductus arteriosus. 

Aortic atresia. In this rare condition the aortic ori- 
fice is hypoplastic, the ascending aorta hypoplastic 
or atretic and the left ventricle poorly developed or 
absent. Circulation of blood is maintained by shunt- 
ing of oxygenated blood from the left atrium into 
the right atrium and thence to the right ventricle and 
pulmonary artery. From this the aorta is filled via a 
patent ductus arteriosus. 

Pure pulmonary stenosis. Here the course of the 
circulation is essentially normal but sometimes there 
is a patent interatrial septum. The lesion is a stenosis 
of either the pulmonary valve or the infundibulum of 
the right ventricle. The right ventricular myocardium 
is hypertrophied and able to force the blood to the 
lungs past the obstruction. If the interatrial septum 
is intact, cyanosis is not necessarily present; if there 
is interatrial communication a right-to-left shunt 
may be established with consequent cyanosis. 

Anomalies of the venous return. These may involve 
the systemic or the pulmonary veins and vary greatly 
in detail. The superior and/or the inferior vena cava 
may open into the left atrium, thus shunting reduced 
systemic venous blood into the arterial side of the 
systemic circulation. In other cases, some of the pul- 
monary veins open into the right atrium: this results 
simply in an excessive amount of oxygenated blood 
being pumped around the pulmonary circulation 
and cyanosis will not occur. 


Acyanotic group 

Aortic valve stenosis and subaortic stenosis. Apart 
from these localised abnormalities, the heart is 
normal. Another isolated abnormality here is bi- 
cuspid aortic valve, which may later become the site 
of infective endocarditis or calcific stenosis. 

Patent ductus arteriosus. While it will be ap- 
preciated from the foregoing description that this 
may coexist with many other anomalies, patency of 
the ductus may be the only abnormality present and 
closure by surgery restores the circulation to com- 
plete normality. Failure to close the ductus leads 
eventually to heart failure or the development of in- 
fective ‘endocarditis’ (endarteritis) at the site of the 
ductus. In a few cases there is associated pulmonary 
hypertension and in some the direction of blood flow 
in the ductus may be reversed so that unoxygenated 
blood passes from the pulmonary artery into the 
ductus and aorta distal to the ductus, usually im- 
mediately beyond the origin of the left subclavian 
artery. Such a patient may thus have a cyanotic tinge in 
the nailbeds of the toes but not in those of the hands. 
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Interatrial septal defect. This is one of the com- 
monest congenital malformations of the heart. Even 
when the defect is large, it appears to have little 
effect on the circulation. Rarely a piece of detached 
thrombus, e.g. from the leg veins, passes from the 
right atrium through the defect to reach the left 
atrium and cause crossed or paradoxical embolism. 
While probe patency of the foramen ovale is very 
common in normal hearts (25 per cent approxim- 
ately), the important malformations are of three 
main types: persistent ostium primum, ostium secun- 
dum and persistent atrio-ventricularis communis. In 
this last condition, there is often fusion of the tri- 
cuspid and mitral valves to form a common atrio- 
ventricular valve. Lutembacher’s disease consists of 
an interatrial septal defect with mitral stenosis. 

Interventricular septal defect. A high septal defect 
is frequently part of another congenital anomaly, 
e.g. tetrad of Fallot, but an isolated high inter- 
ventricular septal defect is not uncommon. Maladie 
de Roger is the name sometimes applied to an iso- 
lated defect in the interventricular septum; the size 
and location of the aperture varies. 

Anomalies of the aortic arch. As shown by Blalock, 
these are common in association with tetrad of 
Fallot (see above), but as isolated anomalies they 
rarely cause symptoms. When, however, a vascular 
ring is formed around the trachea and oesophagus 
by a right aortic arch and left descending aorta 
together with a persistent ductus arteriosus, liga- 
mentum arteriosum or an anomalous left subclavian 
artery, pressure effects, mainly on the trachea, 
may result. A double aortic arch may give similar 
symptoms. 

Coarctation (stenosis) of the aorta. Slight narrow- 
ing of the aorta between the left subclavian artery 


and the orifice of the ductus arteriosus, i.e. in the 
interval where the two main streams of the fetal cir- 
culation cross, is not very uncommon. The stenosis 
is rarely marked, but it may be severe and all degrees 
of narrowing up to complete atresia of the aorta at 
this point have been recorded. With major narrow- 
ing, an extensive collateral system from the carotids 
and subclavians links the aorta above and below the 
narrowed segment. The pulses in the lower limbs are 
poor as compared with those of the upper. Hyper- 
tension develops and death is likely to ensue from 
cardiac failure, cerebral haemorrhage or less com- 
monly from local complications associated with the 
coarcted site, e.g. aneurysm or rupture of the aorta. 
Coarctation of the aorta may be associated with 
other congenital abnormalities, but frequently it is 
the only abnormality present and, moreover, it is 
one that can be cured by surgery. The condition is 
distinctly commoner in the male sex. 

Ebstein’s disease. In this condition there is down- 
ward displacement of the tricuspid valve so that the 
upper part of the right ventricle comes to be a func- 
tional part of the right atrium. The course of the 
circulation is normal. 

Other abnormalities of the valves. Sometimes there 
is excess or deficiency in the number of the cusps of 
the semilunar valves; occasionally there are four 
cusps, usually somewhat unequal in size, but, as a 
rule, there is no interference with the efficiency of 
the valve. There may, however, be only two cusps, 
usually in the aortic valve. One cusp is usually larger 
than the other and often shows evidence of fusion of 
two cusps. Such bicuspid valves tend to develop cal- 
cific aortic stenosis (p. 418) and also bacterial endo- 
carditis. Very rarely cases have been recorded in 
which two mitral valves have been present. 


Diseases of the Pericardium 


Pericarditis Causes 


Inflammation of the pericardium can result from 
bacterial and viral infections, or as a complication 
of myocardial infarction, and is also a feature of 
acute rheumatic fever and of uraemia. 

Classification. Pericarditis may be classified 
according to its cause and may be acute or 
chronic. Acute cases are usually fibrinous and 
are divided into those with effusion (which may 
be serous, haemorrhagic or purulent), and 
those without. Some chronic cases are classified 
according to their effects on cardiac function 
(e.g. chronic constrictive pericarditis). 


Pyogenic infection. Acute pericarditis may be 
the result of invasion by organisms from a 
lesion in the vicinity, such as empyema, sup- 
purating mediastinitis, or any ulcerating tu- 
mour, e.g. of the oesophagus. In some cases, 
however, infection is by the bloodstream in the 
course of septicaemias. Suppurative pericarditis 
is produced chiefly by pneumococci, streptococci 
and staphylococci; and infection by the last may 
be secondary to small abscesses in the heart wall. 

Tuberculosis. The pericardium is sometimes 
infected by lymphatic spread from an upper 



mediastinal lymph node in primary tuber- 
culosis, or by direct spread from the pleura or 
lung in reinfection tuberculosis. 

Coxsackie virus pericarditis, sometimes accom- 
panied by myocarditis, occurs in outbreaks 
among infants and also affects adults (p. 410). 

Non-infective. A sterile pericarditis com- 
monly occurs in the later stages of an acute 
attack of rheumatic fever and may gravely 
impair the heart’s action. In uraemia, peri- 
carditis is a common late event, and appears to 
be due to vascular or metabolic disturbances. 
Acute fibrinous pericarditis usually accom- 
panies myocardial infarction and is often more 
extensive than the infarct. Pericarditis is a 
feature of polyserositis (Pick’s or Concato’s 
disease, p. 658), in which great thickening of 
the subserous fibrous tissue occurs. 


Naked-eye appearances 

Fibrinous pericarditis is found in rheumatism, 
uraemia, myocardial infarcts and some in- 
fective cases. The exudate usually appears first 
posteriorly round the large vessels at the base 
of the heart as an opaque, dull and roughened 
layer, and when it becomes abundant it forms a 
rough covering to the heart with irregular pro- 
jections (Fig. 3.21, p. 66), giving the so-called 
‘bread and butter’ appearance. 

Pericardial effusion, sometimes exceeding a 
litre, is usually accompanied by fibrinous peri- 
carditis. The effusion may be serous in rheumatic 
fever or myocardial infarction, haemorrhagic in 
tuberculosis, uraemia, myocardial infarction and 
infiltration by carcinoma, and purulent following 
invasion by pyogenic bacteria. 

The ordinary sequel to pericarditis is organ- 
isation of the deposited fibrin, and adhesions 
ultimately form with partial or complete oblit- 
eration of the pericardial sac. Sometimes, espe- 
cially in rheumatic cases, there may be repeated 
attacks, and great thickening of the peri- 
cardium may result. Adherent pericardium may 
contribute to the development of cardiac 
hypertrophy. Pericardial adhesions are com- 
monly found at necropsy and often the cause is 
not apparent. 

Slightly thickened patches of opaque and whitish 
appearance in the epicardium are known as ‘milk 
spots’. They occur especially over the anterior sur- 
face of the right ventricle and the apex of the left 
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ventricle, and occasionally a large area of opacity is 
present. They are common in hypertrophied hearts 
and occasionally fibrous adhesions are present over 
an area of thickening. Milk spots are of no clinical 
significance. 

Tuberculous pericarditis. At an early stage the 
changes may resemble an ordinary fibrinous 
pericarditis and its real nature may be dis- 
covered only on microscopic examination. In 
other cases the pleura may contain caseous 
material and this is usually followed by much 
thickening of the layers of the pericardium, and 
sometimes by calcification. In some cases at an 
early stage there is an abundant exudate, both 
fibrinous and fluid, and it may be heavily 
bloodstained. Ultimately the sac may be en- 
ormously distended. Tubercle bacilli are some- 
times present in very large numbers in the ex- 
udate. 

Chronic constrictive pericarditis is a rare con- 
dition of dense fibrous adhesions around the 
heart, usually commencing in childhood with a 
febrile illness and pericarditis clinically re- 
sembling rheumatism. Pericardial effusion is 
often followed by pleural effusion and later by 
absorption and healing with very dense fibrous 
tissue and sometimes calcification. The effect is 
to constrict the chambers of the heart and vena 
caval openings, which interferes with diastolic 
filling; a marked rise of venous pressure occurs 
and so the effects resemble those of cardiac fail- 
ure. Most cases are either of tuberculous or 
unknown origin. Surgical resection of the vis- 
ceral and parietal layers of the pericardium 
gives relief of symptoms and for most patients 
the long-term prognosis is then good. 


Effects of pericarditis 

Many examples of pericarditis are not re- 
cognised during life. In acute pericarditis there 
may be pain in the chest or neck, and per- 
icardial friction. Signs of pericardial effusion 
include enlargement of the ‘heart’ on percus- 
sion and radiologically, with a feeble apex beat 
in the normal position. Chronic constrictive 
pericarditis may be associated with systolic 
retraction of the chest wall and with increased 
venous pressure and ascites due to interference 
with filling of the heart; the pulse pressure is 
low and decreases on inspiration (pulsus par- 
adoxus). 
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Pericardial haemorrhage 

Haemorrhage into the pericardial sac, giving 
rise to haemopericardium, may be due to rup- 
ture of the heart itself following infarction, to 
rupture of an aortic aneurysm, most often an 
acute dissecting aneurysm which strips open 
the aortic wall to the base of the heart (p. 386), 
or to a stab wound involving the heart or a 
large vessel. When the bleeding is rapid, the 
pressure of the blood in the pericardial sac 


interferes with the diastolic filling of the 
chambers. The output of blood from the left 
ventricle is greatly diminished, the blood pres- 
sure rapidly falls and death from heart failure 
results — this is known as cardiac tamponade. 

Multiple minute haemorrhages occur into 
the layers of the pericardium in the various 
purpuric conditions. They are sometimes a pro- 
minent feature also in cases of death by suffo- 
cation. 


Tumours of the Heart and Pericardium 


Primary tumours of the heart are rare. Fibroma, 
myxoma, lipoma, haemangioma and lymphangioma 
are occasionally encountered, especially in the left 
atrium, the commonest being a myxomatous mass of 
considerable size, the so-called cardiac myxoma, pro- 
jecting into the cavity from the margin of the for- 
amen ovale: the commonly-associated mitral valve 
lesions may be due to haemodynamic or traumatic 
effects of the tumour. Cardiac myxoma sometimes 
has various unexplained effects, including weight 
loss, anaemia, a high ESR, serum protein disturb- 
ances, Raynaud’s phenomenon and arthralgia. 
Rhabdomyoma of congenital origin occurs especially 
in the ventricles as multiple rounded nodules of pale 
and somewhat translucent tissue. It consists of large 
branching cells in which striped myofibrils are found; 
the cells have a somewhat vacuolated cytoplasm and 
contain much glycogen. In a number of cases, the 
tumour has been associated with multiple discrete 
gliomatous growths in the cerebral hemispheres — 
tuberous sclerosis (p. 772); in some cases there have 


also been malformations of the kidneys and liver, 
and adenoma sebaceum on the face (Bourneville’s 
disease). 

Metastatic tumours in the heart and peri- 
cardium are less uncommon than is generally 
realised, occurring in about 10 per cent of 
all fatal malignancies, secondary melanotic 
tumours being disproportionately numerous in 
relation to their total incidence. Primary car- 
cinoma of the bronchi spreads to involve the 
heart more frequently than any other neoplasm 
(31 per cent of cases); no doubt the proximity 
of the primary growth is a factor in this high 
incidence, as direct extension readily occurs to 
the base of the heart and pericardium. 

Neoplastic invasion of the pericardium often 
causes a haemorrhagic inflammatory exudate. 
Spread of tumour into the wall of the right 
atrium is liable to cause arrhythmias. 
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Respiratory System 


Introduction 

The primary function of the respiratory 
system — oxygenation of the blood and removal 
of carbon dioxide — requires that air be brought 
into close approximation with blood. Accord- 
ingly, the respiratory tract is particularly ex- 
posed to infection, both by microbes in the in- 
spired air and by spread downwards of the bac- 
teria which commonly colonise the nose and 
throat. Another important hazard is presented 
by inhalation of pollutants contributed to the air 
we breathe in the form of dusts, smokes and 
fumes, a particularly important example being 
cigarette smoke. These pollutants are respon- 
sible for the high incidence of chronic bron- 
chitis and chronic lung disease and also bron- 
chial carcinoma in many parts of the world. 
Thirdly, the lungs are the only organs, apart 
from the heart, through which all the blood 
passes during each circulation: accordingly, 
cardiovascular diseases which disturb pul- 
monary haemodynamics are likely to have seri- 
ous secondary effects on the lungs, such as pul- 
monary oedema, and conversely diseases of the 
lungs which interfere with pulmonary blood 
flow have important effects on the heart and 
systemic circulation. In short, normal cardiac 
and pulmonary function are closely interdepen- 
dent. 

Apart from infections, injury due to inhaled 
pollutants and the effects of cardiovascular 
disease, the respiratory tract is remarkably 
trouble-free, and most of this chapter will be 
devoted to the effects of these three hazards. 

Although the respiratory tract, like other 
systems, is best considered on a regional basis, 
the continuity of the mucous membranes from 
nose to alveolus, and the microbial contamina- 
tion of inspired air, allow ready spread of infec- 
tion, and accordingly it seems appropriate to 
give a brief general account of the main factors 
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concerned in respiratory tract infections before 
proceeding on a regional basis. 

Respiratory infections 

The defences of the respiratory tract against 
infection have been described in Chapter 7: 
they include upward flow of the surface film of 
mucus which coats the air passages and is im- 
pelled by ciliated epithelium; the cough reflex; 
the secretion of IgA antibodies; and the 
phagocytic activity of alveolar macrophages. 

Bacterial infections of the respiratory tract 
may be primary (i.e. occur in healthy indivi- 
duals), or secondary to a large number of con- 
ditions which depress resistance. Primary infec- 
tions are now relatively rare in many parts of 
the world: they include laryngeal or nasal diph- 
theria, bacterial pneumonia due usually to 
Strep, pneumoniae, and pulmonary tuber- 
culosis. Other examples include pneumonic 
plague and anthrax pneumonia. Primary pneu- 
monia due to various pyogenic bacteria is, how- 
ever, relatively common in infants and old 
people. Secondary bacterial infections occur 
especially when the local resistance of the re- 
spiratory mucosa is lowered by various virus 
infections, e.g. the common cold, influenza and 
measles: in these conditions, bacteria growing 
in the nose and throat extend downwards, 
usually giving a mixed infection, but in hospi- 
tals and other institutions, outbreaks of respir- 
atory virus infections may be complicated by 
spread of virulent pathogenic bacteria from 
patient to patient. Chronic liability to bacterial 
infections also results from persistent abnorma- 
lities of the bronchi, especially chronic bron- 
chitis and bronchiectasis, from various debilita- 
ting and wasting diseases, and from congenital 
and acquired immunodeficiencies. 

Virus infections. Most acute respiratory dis- 
ease seen in general medical practice every 



